Sperimentazione e progettazione di sistemi innovativi per perforazioni petrolifere by SANTUS, CIRO
Università degli Studi di Pisa 
Corso di Dottorato di Ricerca in 
Ingegneria Meccanica 
Sperimentazione e progettazione di sistemi 
innovativi per perforazioni petrolifere
Tesi svolta per il conseguimento del titolo di dottore di ricerca
Settore Scientifico Disciplinare: ING-IND/14 
Allievo: 
Ing. Ciro SANTUS
Tutori:
Prof. Leonardo BERTINI (DIMNP, Università di Pisa) 
Prof. Marco BEGHINI (DIMNP, Università di Pisa) 
V Ciclo 
Anno 2007 

Sommario
Nella perforazione petrolifera vengono utilizzati elementi tubolari (lunghezza > 10 m, diametro
100÷ 200 mm) uniti fra loro mediante connessioni ﬁlettate coniche. Recentemente, e` stato re–
introdotto l’uso di elementi di perforazione in lega di alluminio di minor peso, ma che hanno la
necessita` di essere collegati a connessioni in acciaio. Le resistenze statica e a fatica della connes-
sione fra elemento in alluminio ed elemento in acciaio sono oggetto dello studio della presente tesi
di dottorato, svolta in collaborazione con Eni S.p.A. (E&P division).
E` stata messa appunto una tecnica di serraggio fra elemento in alluminio ed elemento in acciaio (a
freddo), che sfrutta l’effetto lubriﬁcante di un composto inizialmente liquido e che successivamente
solidiﬁca. La tecnica attualmente usata (a caldo), sfrutta invece la dilatazione termica. La maggiore
resistenza torsionale, ottenuta con la tecnica di serraggio a freddo, e` stata veriﬁcata sperimental-
mente.
Al ﬁne di eseguire prove a fatica rotante in piena scala e` stato progettato e realizzato uno speciﬁco
banco prova, con funzionamento in risonanza, in modo da produrre elevato momento ﬂettente senza
eccessivo onere strutturale. I risultati di tali prove sono stati successivamente interpretati sulla base
di recenti modelli di fatica. In particolare, il forte gradiente tensionale e` stato investigato mediante
la Teoria della Distanza Critica.
Abstract
Long tubular elements (length > 10 m, diameter 100÷200 mm), are used for oil drilling. These
elements are connected by means of tapered threaded connections. Recently, the use of high
strength aluminum alloys for tubular drilling elements, has been re–introduced, to exploit light
weight advantage. However, aluminum elements need to be connected to steel connections.
Aluminum to steel connection static and fatigue strengths were investigated in the present PhD
thesis, in collaboration with Eni S.p.A. (E&P division).
An innovative technique to connect aluminum part to steel part was introduced. The current
connection technique (hot assembling) exploits thermal expansion, while the proposed connection
technique (cold assembling) exploits a lubricating compound that solidiﬁes after curing. Connection
torsional strength improvement was experimentally shown.
To test full scale connections under fatigue bending load, a dedicated test rig was designed and
manufactured. Its main feature is working near to the specimen resonant condition. In this way it is
possible to obtain high rotating bending on the specimen, with a simple frame. Full scale fatigue
tests were obtained, and experimental test results were interpreted on the basis of recent fatigue
models. More speciﬁcally, the high stress gradient was investigated by means of the Theory of
Critical Distance.
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Chapter 1
Introduction
Drill Strings (DS) are used in oil and gas drilling to reach the ﬁeld production area [1]. The
drill string is a long hollow structure, composed by hundreds of Drill Pipes (DP). The connection
between each couple of two consecutive drill pipes is obtained by means of two tapered threaded
Tool Joints (TJ), which are connected by applying a proper make up torque obtaining static friction
bond.
In many situations, the drilling path is not just vertical but directional, or sometimes even horizontal,
reaching several kilometers in length, Fig.1.1.
Oilfield
> 10 km
~ 2 km
Shallow sea
Directional drilling
Vertical drilling
Horizontal drilling
Figure 1.1: Horizontal drilling in a long extended reach well.
Directional drilling is often required instead of vertical drilling, for several reasons. For example it
is applied to circumvent a hard formation, or to avoid building artiﬁcial islands or offshore platforms
and reach production areas under shallow seabed. Moreover, oilﬁelds naturally have horizontal
layout, then they are exploited more efﬁciently with directional or horizontal drilling.
Working conditions of the drill string are well described in Ref.[2]. The drill string experiences
rotating bending and then fatigue damage, since it rotates inside a bent path. Fatigue loading
is usually aggravated by static load, corrosive environment, improper equipment handling and
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excessive rotational speed. Coupling of various damage conditions reduces dramatically the fatigue
resistance of the drill string. More than 50% of drill string failures are due to fatigue. These failures
are usually very costly and time consuming, because of the recovery procedures [3]. TJ connections
are the main sites of structural failures. They generate sharp stiffness change, moreover, they show
several notches, for example thread roots, that are stress concentators.
TJ are made up of quenched and tempered steel. Drill pipes are usually made up of the same
material. API standards [4, 5] examine steel connections only. Recently, the possible use of
alternative materials is considered with increasing interest, to fulﬁll several advantages. Smith et
al. [6] and Schutz and Watkins [7] proposed the use of high strength Titanium alloy drill pipes,
instead of steel drill pipes. The use of Aluminum Drill Pipes (APD) has been also proposed in
recent publications [8, 9, 10], though they have already been used in Russia for decades. The use of
aluminum drill pipes, instead of steel drill pipes, offers some advantages:
• aluminum is lighter than steel or titanium alloy, thus very long well can be obtained without
excessive loads on handling equipment and with lower losses of energy;
• aluminum is softer than both steel and titanium alloys. Deviated wells are then accomplished
more easily, with lower bending stress.
The main disadvantage about the use of aluminum, compared with the use of steel, is the wear of
components, since they are harshly pushed against hard soil and rocks.
About the ﬁrst advantage here introduced, it is possible to give a better quantitative interpretation
just by means of basic material properties. Considering a bar held up at one end, and just loaded by
gravity, it is possible to obtain the maximum length of the bar Lmax, before yield limit cross section
failure:
Lmax =
SY
ρg
(1.1)
where SY is the yield limit of the material, ρ is the material density, and g is the gravitational
acceleration. Drilling is always performed with the aid of speciﬁc muds, that reduce the friction
and make debris circulating away to keep the drilling point as clean as possible. The need of mud
circuit is the reason of drill element tubular shape. Mud density ρm usually ranges between 1.0 to
2.0 kg dm−1, i.e. from 1 to 2 times water density. Considering the fact that drill pipe ﬂoats in the
mud, density ρ in Eq.1.1 needs to be replaced with density on mud ρ¯ . Then, the actual maximum
length Lmax is:
Lmax =
SY
ρ¯g
ρ¯ = ρ−ρm
(1.2)
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Fig.1.2 shows that high strength aluminum alloy offers the highest maximum length Lmax, despite
lowest yield limit, because its density on mud ρ¯ is much lower than steel and Ti alloy.
Figure 1.2: Lmax vs material yield limits, comparison between high strength aluminum alloy, and
quenched and tempered steel and high strength Ti alloy [8].
Steel TJ connections are composed of two conical threaded sides: Pin and Box attached to the
steel drill pipe by means of friction welding, as shown in Fig.1.3(a). About aluminum drill pipe it
is worth noting that tool joints at pin and box sides need to be made of steel too. Indeed, TJ are
engaged and disengaged very often, during drilling operations, so they would wear out very quickly
if made up of aluminum. To connect the aluminum body pipe to the steel tool joints, two other
threaded connections are required; one for each side, Fig.1.3(b). These other two connections are
assembled at the component manufacturing stage and they do not have to be disengaged during the
whole life of the drill pipe.
In summary, the two types of connections introduced in Fig.1.3 are:
• high-strength steel connection (hereafter named as steel connection), related to standards
Refs. [4, 5];
• Aluminum Drill Pipe to Steel Tool Joint (hereafter named as aluminum to steel connection or
APD–STJ connection), related to standard Ref. [11, 12].
Though a steel connection is required even in the aluminum design, the aluminum to steel connec-
tion is structurally weaker. Investigation is then focused on aluminum to steel connection.
Steel drill string is much more common in oil drilling and extensive technical literature can be
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Figure 1.3: (a) Conical threaded connection between pin and box steel tool joints, attached to the
body pipe by friction welding. (b) Aluminum to steel threaded connections are required (instead of
friction welding) to connect the aluminum drill pipe to the steel tool joint.
found (the papers Refs.[2, 13, 14] report the state of art of steel drill string connection fatigue). On
the contrary, no extensive studies have been conducted on aluminum to steel connections, at his time.
The work proposed in the present PhD thesis is on the aluminum to steel connection, Fig.1.3(b).
The research activity done can be divided in the following steps:
• standard tests on small specimen to ﬁnd static and fatigue properties of the drill pipe aluminum
alloy (all tests were performed at Pisa university mechanical department);
• full scale tests to ﬁnd static torsional strength of the aluminum to steel connection (all tests
were performed at C.M.A. Canavera Srl, Torino);
• interpretation of full scale static torsional tests, on the basis of a FE–analytical model;
• design and manufacture of a dedicated test rig to perform rotating bending fatigue tests on
full scale specimens (all tests were performed at Pisa university mechanical department);
• full scale fatigue tests interpreted on the basis of recent fatigue models;
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• design and manufacture of a dedicated static test rig to test full scale components under high
torsion load, axial load, and any combination of the two loads;
• proposal of a dedicated small scale test rig, to produce cheaper and faster rotating bending
fatigue tests with similar conditions of the full scale aluminum to steel connection.
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Chapter 2
ISO 15546, group II Aluminum alloy
Results shown in this chapter were published in the Italian conference AIAS 2005 [1].
Before showing drill pipe connection strength tests and models, aluminum alloy material properties
are here shown, obtained with standard small specimens extracted from Aluminum Drill Pipe
(ADP). Static and fatigue properties are evaluated, to provide a background for further investigation
on ADP connection strength.
Notation
E Young’s modulus.
SY,0.2 Yield limit (at 0.2 % elastic offset).
SU Ultimate tensile strength.
Ep Post–yield σ − ε slope.
εf Engineering fracture strain.
R Fatigue load ratio.
Se Endurance fatigue limit.
r notch specimen radius.
kt Notch elastic stress concentration factor.
kf Notch fatigue factor.
Se Nominal stress endurance limit (or fatigue limit).
16 ISO 15546, group II Aluminum alloy
2.1 Chemical and grain structure analysis
The chemical composition of the ADP aluminum alloy was found and it is here reported in Tab.2.1.
Al Mg Zn Cu Mn Cr Ti Zr Fe Si Oth.
wt % wt % wt % wt % wt % wt % wt % wt % wt % wt % wt %
Bal. 2.4-3.0 5.5-6.0 0.4-0.8 0.1-0.3 0.1-0.2 ≤0.1 ≤0.1 ≤0.2 ≤0.2 ≤0.1
Table 2.1: Chemical composition of ISO 15546, group II aluminum alloy [2].
In agreement with standard speciﬁcation ISO 15546 [2], material group II, the aluminum alloy here
investigated is an Al-Zn-Mg alloy. According to the (American) Aluminum Association (AA), or
the European Aluminum Association (EAA) speciﬁcations, the AA 7014 alloy is chemically very
similar to the present alloy [3].
It is well known that Zn aluminum alloys are high strength. In particular AA 7075 alloy has the
strongest static tensile strength among all commercial aluminum alloys. The present alloy is very
similar in composition to AA 7075 (and AA 7175 too). The main discrepancy in composition is
lower Cu, which is below 1% in the present alloy while up to 2% in AA 7075.
Grain size and orientation is also an important factor. The micrographies reported in Fig.2.1 show
grain size and grain orientation.
HV = 181
100 ?
T
25 ?
L
(a) (b)
Figure 2.1: Micrographies of the Aluminum structure. Specimen is extracted from ADP: (a) section
Transversal to the extrusion direction. (b) section Longitudinal to the extrusion direction.
Since extrusion is applied to obtain tubular shape, longitudinal section shows grain clearly distorted
along the extrusion direction.
Even though the extrusion is applied in warm condition, it is likely that not enough time is left for
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recrystallization process to happen.
A sound information that can be obtained from Fig.2.1 is the high density of inclusions or impurities
(black particles). In terms of strength it is possible to conclude that:
• the material is hardened by the extrusion, then static yield strength SY is expected to be near
the ultimate stress SU, if tensile traction is applied along extrusion direction;
• the high density of inclusions is not expected to reduce static mechanical properties, but
fatigue strength can be reduced.
2.2 Static tensile test results
Material specimens to test were extracted from ADP near to the connection area, Fig.2.2.
Long up-set side (box)
Plain specimen Notched specimen
ADP body pipe
Figure 2.2: Specimen (plain or notched) extracted from ADP connection area.
Plain and notched specimens were extracted preserving grain direction.
Tensile test was performed to determine static properties. Fig.2.3 shows engineering and true
stress–strain curves.
In Tab.2.2 main static test results are reported.
E SY,0.2 SU Ep εf
[ MPa ] [ MPa ] [ MPa ] [ MPa ]
72964 494 544 1800 12.5
Table 2.2: Main static test results: E Young’s modulus, SY,0.2 Yield strength, SU Ultimate strength,
Ep after yielding tangent modulus, εf engineering fracture strain.
Standard ISO 15546 [2] reports the material static properties too: SY,0.2 = 480 MPa, SU MPa,
εf = 7% in good agreement with results experimentally obtained and here reported.
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Figure 2.3: Aluminum alloy tensile test curves: Engineering stress-strain curve and True stress-
strain curve.
It is remarkable to show the quite brittle behavior of the aluminum alloy of the ADP, in comparison
to steel of Steel Tool Joint (STJ), in terms of ﬁnal necking and fracture surface morphology, Fig.2.4.
Aluminum
specimens
from ADP
Steel
specimens
from STJ
Figure 2.4: Tensile test fracture surfaces, comparison between ADP and STJ materials.
In the aluminum specimen the necking is less evident and the ﬁnal fracture is basically brittle,
fracturing in shear condition. On the contrary for the steel the surface is more similar to ductile
fracture, with more evident necking and perpendicular to axis dimpled surface [4].
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2.3 Cyclic stress-strain behavior
Ten specimens repeated reversed cyclic tests were performed at different imposed symmetric
strain ranges. The stabilized stress-strain response is obtained after few cycles (below 10 cycles).
Stabilized loops are reported in Fig.2.5(a), and the cyclic stress-strain curve is given by the
cyclic loop vertexes. In Fig.2.5(b) the cyclic curve is compared to the monotonic curve, and the
superimposition is almost perfect.
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Figure 2.5: (a) Stabilized loops for the 10 specimens dedicated to cyclic curve determination. (b)
Comparison between Monotonic and Cyclic stress-strain curve.
The cyclic behavior is found to be stable, even though cyclic softening was expected since the
material was previously hardened [4]. Maybe the hardening produced during warm extrusion
(instead of cold hardening) induced more stable behavior to the material.
2.4 Fatigue test results
The main tool in fatigue prediction is the experimental S−N curve obtained through several plain
specimens tested at different load levels, at completely reversed condition (load ratio R =−1).
Though aluminum high strength alloys are typical metals not showing fatigue limit, this concept
can be reintroduced simply as the fatigue limit at a high enough fatigue life [5]. In the present
case 107 will be considered. After the fatigue limit, other sound information that can be achieved
from the S−N curve are the slope of the curve, if ﬁnite fatigue life assessment is required and the
scatter across the 50% likelihood mean line which is a valid esteem of the scatter in a construction
application where fatigue of the material is involved.
In Fig.2.6, the S-N curve obtained through 22 single tests, is reported.
The material shows a single slope. Indeed due to the scatter found a multi-slope model does not
seem effective.
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Figure 2.6: S-N curve obtained through plain specimens, R=-1.
Mean stress effect was also investigated. Several other specimens were dedicated to produce
positive load ratio test series, Fig.2.7.
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Figure 2.7: Mean stress fatigue test series, at different load ratios.
Fatigue limit results, at different load ratios are reported in Tab.2.3.
The main result is that the higher is the load ratio R the nearer are the fatigue limits Se at 106 and Se
at 107. This can be directly presented in Fig.2.8 showing the Haigh diagram (alternate stress vs.
mean stress) for the results reported in Tab.2.3.
This result was expected, because it also results in most frequently employed models to assess the
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R =−1 R = 0 R = 0.5 R = 0.6
Se at 106 Se at 107 Se at 106 Se at 107 Se at 106 Se at 107 Se at 106 Se at 107
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
169 135 137 127 101 96 96 95
Table 2.3: Fatigue limits Se at different load ratios and different fatigue life endurances.
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Figure 2.8: Haigh diagram, showing alternate stress vs. mean stress.
mean stress effect: Goodman line and Gerber parabola [4]. Indeed, both of them predict different
life endurance lines but collapsing for high load ratio.
Finally, the notch effect was experimentally evaluated.
U notched specimens were manufactured, at different notch radius r and at load ratio R =−1.
Elastic stress concentration factor kt can be easily determined through Finite Element (FE) bi–
dimensional simulations.
Stress concentration results are reported in Tab.2.4.
r [ mm ] 0.7 1.0 1.5 2.0
kt 2.32 2.05 1.67 1.41
Table 2.4: Stress concentration factors for notched specimen tested geometries.
The fatigue notch factor kf is deﬁned as:
kf =
Se(Plain Specimen)
Se(Notched Specimen)
(2.1)
Obviously, fatigue limits Se need to be compared at same fatigue life endurances.
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Figure 2.9: Fatigue test series at r = 0.7−1 mm, r = 1.5 mm, r = 2 mm. Load ratio R =−1.
Data available can be easily employed to determine kf and to produce a comparison with respect to
kt, Fig.2.10.
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Figure 2.10: (a) kf as function of the notch radius, for specimen tested. (b) Notch sensitivity
(deﬁned as kf/kt ratio) steel line remarks how the fatigue notch sensitivity is little in comparison to
a common structural steel.
Finally kf vs. number of cycles to failure is reported in Fig.2.11 at different notch radius r, showing
that the larger the fatigue life the lower the kf, reaching values very close to 1.
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Figure 2.11: kf vs. number of cycles to failure at different notch radius r.
Fatigue fracture surfaces obtained from notched and plain specimens are reported in Fig.2.12
(a) (b)
Figure 2.12: Fatigue fracture surfaces: (a) notched specimen, (b) plain specimen. Little propagation
zones
Typical fatigue fracture surface zones can be distinguished in:
• fatigue zone (crack propagation),
• ﬁnal fracture zone (with brittle fracture characteristic)
Though toughness of the material was not investigated directly, from simple fatigue surface
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observation it is possible to notice that even low load cycles produce little crack propagation. This
information can be turned into little fracture toughness of the alloy.
2.5 Discussion
Aluminum alloy material properties were determined by means of standard tests on small scale
specimens extracted from drill pipe wall thickness.
The aluminum alloy investigated here is mainly a Zinc alloy, then it is classiﬁed as a 7xxx alloy.
Chemical composition and static properties showed that this alloy is basically similar to the very
common AA 7075, but with signiﬁcant lower content of Cu.
Plain specimen fatigue limit was found, along with mean stress and notch sensitivity, showing
typical values available in the literature for this category of high strength aluminum alloys.
These properties are then used as material parameters input for models proposed in next chapters.
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Chapter 3
Torsional strength of aluminum drill
pipe to steel tool joint connection
The present study was submitted to the International Journal of Pressure Vessels and Piping –
Elsevier:
C. Santus, L. Bertini, M. Beghini, A. Merlo. “Static strength comparison between two assembling
techniques for aluminum drill pipe to steel tool joint connection”, International Journal of Pressure
Vessels and Piping, 2008 (Submitted).
In this chapter the Aluminum Drill Pipe to Steel Tool Joint (ADP–STJ) connection, shown in
Fig.1.3(b), was investigated in terms of torsional strength. Obviously, as the drill string is spun
to produce the well, the connection experiences torsional load. Usually, the torque applied has
the same orientation as during make up of the connection. However, the connection is sometimes
forced to spin in the opposite direction and then the risk of break out arises. A connection has
enough torsional strength if the torque required to break it out is higher then the Yield limit torque,
i.e. the torque that generates plasticity over the entire section. At the present, the assembling ‘hot’
technique is commonly used (explained in the following), while it is here shown that an alternative
‘cold’ assembling technique could offer some advantages, in particular higher torsional strength,
even with simpler assembling apparatus.
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Notation
DS Drill String.
DP Drill Pipe.
TJ Tool Joint.
ADP Aluminum Drill Pipe.
STJ Steel Tool Joint.
MU Make Up.
BP Break Point.
LET Last Engaged Thread.
FE Finite Element.
pc Average pressure at ADP–STJ conical thread free surface.
pr,i Average pressure at i–th ADP–STJ thread root.
pf,i Average pressure at i–th ADP–STJ thread ﬂank.
ps Average pressure at ADP–STJ stop face.
Ic Diametrical interference at ADP–STJ conical thread free surface.
Ir Diametrical interference at ADP–STJ conical thread roots.
Id Maximum diametrical interference.
Is Interference at ADP–STJ stop face.
fs Coefﬁcient of static friction.
fw Coefﬁcient of wet friction, while the compound is liquid.
DO Outside diameter of the ADP.
DI Inside diameter of the ADP.
DS Stop face diameter of the ADP.
LLET Length from LET edge to the stop face.
Lc Conical thread free surface contact length.
Lr Thread root surface contact length.
Lf Thread ﬂank surface contact length.
nr, nf Numbers of engaged thread root sections and ﬂank sections.
Ea Aluminum alloy Young’s modulus.
Es Steel Young’s modulus.
SY Aluminum alloy yield limit.
SUTS Aluminum alloy Ultimate Tensile Stress.
Sf Aluminum alloy fracture Engineering stress.
σf Aluminum alloy fracture True stress.
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εf,E, εf,T Aluminum alloy fracture Engineering and True strain.
RA Reduction Area ratio.
ΔT Imposed difference of temperature during hot assembling.
ΔTI Required difference of temperature to cover the diametrical interference.
α Coefﬁcient of thermal expansion for steel.
Ts Static friction torque, i.e. connection torsional strength.
Tw Wet friction torque, while the connection is made up.
T1 Unity coefﬁcient of friction torque.
C1,C2,C3 Unity coefﬁcient of friction torque linear relationship coefﬁcients.
Th Helix torque term.
Ch Helix torque term coefﬁcient.
TBP Break point torque.
TMU Make up torque.
Tp Body pipe plastic limit torsional strength away from the connection.
Fa Axial load applied to the connection.
3.1 Introduction
Aluminum drill string overcame the length of 12 km in a vertical well (pipe outside diameter of 147
mm, as the one considered here) drilling at a rotational speed up to 10 RPM under high torsion and
tension loads, drilling mud internal–to–external differential pressure up to 70 MPa, and downhole
temperature up to 220 ◦C [1].
Wells are often deviated, thus DS experience rotating bending and consequently fatigue damage.
Fatigue damage is usually aggravated by static load, corrosive environment, improper equipment
handling and excessive rotational speed. The presence of various damage conditions can reduce
dramatically the life of the string [2]. Though fatigue is the main reason for drill string failures,
static strength of the connection (both under axial load and under torsional torque) is a preliminary
design requirement. API standard offers a procedure to design drill pipe connections against static
failure [3, 4]. Standard approach is aimed to produce predictions by means of very basic physical
models. Therefore, some details are neglected, and more precise predictions can be obtained
through Finite Element (FE) analysis. Indeed, a large number of FE analysis on API connections
are available in the literature and most of them are intended to investigate the strength improvements
produced by geometry modiﬁcations, that could not be analyzed just through standard approach.
Tafreshi and Dover [5] were the ﬁrst to propose the use of FE analysis to obtain the stress–strain
ﬁelds under axial, bending, and torsion loading on API connections. More recently Baragetti and
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Baryshnikov [6] found the working limits under combined loading (axial and bending), comparing
either the API standard predictions, with FE simulations and laboratory tests. Baragetti and
Terranova [7] extended the study to over-torque condition, when large plasticity might occur. Bahai
[8] proposed a parametric analysis of API drill string tapered threaded connections. He showed
that the two thread roots at the ends of the threaded portion experience load concentration, with
respect to the thread roots in the middle. A parametric study was performed considering different
connection geometries loaded by bending and axial load. Other FE analysis related to drill pipe
connections were devoted to the effects of some geometry modiﬁcations, to improve the design
proposed on standards. Chaaban and Jutras [9] investigated the strength improvement of buttress
threads. Macdonald and Dean [10] analyzed the effect of the make up torque and the mean stress
produced on the Last Engaged Thread (LET) root under fatigue cyclic loading. Macdonald [11]
also investigated the effect of stress relief grooves, properly designed to reduce stress concentration
with respect to standard geometry.
Almost all papers available in literature propose 2D FE models where the thread helix angle is
neglected. In this way the simulation is much simpler both computationally and in terms of operative
work to prepare the model. 2D models allow to simulate axial load with plane axialsymmetric
elements. It is also possible to model bending loading and torsional torque, but the use of harmonic
elements is required, that limits the analysis to the linearity condition [12]. A fully 3D simulation
of tapered threaded connection was proposed by Chen and Shih [13]. They showed that neglecting
helix angle in 2D models, generates a reasonable error (in the order of 10%) in terms of stress
distribution with repect to the complete 3D analysis.
In the present study, a 2D axialsymmetric model was accurate enough to evaluate the frictional
torsional strength of the connection. As the coefﬁcient of friction is usually a reason of large scatter,
the inaccuracy introduced by the 2D model, instead of a fully 3D model, can be tolerated.
3.2 Aluminum drill pipe to steel tool joint connections
3.2.1 Connection geometry
The use of aluminum can not be extended to the tool joints, that need to be manufactured in steel.
The main reason is that drill pipes are made up and broken out often, moreover, they feature a
higher outside diameter, then they are more exposed to wear against the hard wall of the well.
Therefore, the ADP requires steel connections, that are termed Steel Tool Joints (STJ). To connect
the ADP to the STJ a tapered threaded connection is used, that are never broken out during the drill
pipe life. In this way, aluminum thread wear is not a problem.
Recommended geometries and dimensions are reported in the ISO 15546 standard Ref.[14]. The
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design of the ADP–STJ connection is schematically shown in Fig.3.1.
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Figure 3.1: Design of the Aluminum Drill Pipe to Steel Tool Joint (ADP–STJ) connection.
Besides the tapered threaded region, the ADP–STJ connection shows a conical thread free surface.
When the connection is loaded by bending, the thread free portion shields the ﬁrst thread root
against cyclic stress concentration. However, at the edge of the thread free contact the ADP
experiences fretting fatigue, i.e. cyclic stress concentration aggravated by local slip [15, 16].
There are two kinds of interferences between ADP and STJ:
• diametrical interferences, at the thread root Ir and at the conical thread free surface Ic;
• axial interference at the shoulder stop face Ic.
The diametrical interferences are mainly controlled by geometric tolerances of the connection
components, while axial interference is obtained by the extra imposed rotation, after reaching the
stop face initial contact. The diametrical interference is also inﬂuenced by the extra imposed rotation
due to the conical shape. However, the conical angle is low, then the diametrical interferences
can be considered not signiﬁcantly affected by the extra imposed rotation after stop face contact.
The effects of diametrical and axial interferences are shown in Fig.3.2, where the thread height is
magniﬁed and the conical angle is not shown, to simplify the scheme.
For ADP–STJ connection, standard ISO 15546 [14] recommends trapezoidal thread (instead of the
more common triangular thread). Besides thread ﬂank, contact is also obtained between STJ thread
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Figure 3.2: ADP–STJ connection interferences and contact pressures.
head and ADP thread root.
Main connection dimensions are reported in Tab.3.1. DO is the ADP outside diameter and DI the
inside diameter, LLET is the length from LET edge to the stop face (Fig.3.2). pc is the (average)
contact pressure acting on the conical thread free surface, pr,i is the contact pressure at i–th thread
root section, pf,i is the contact pressure at i–th thread ﬂank section, and ps is the contact pressure at
the stop face.
DO DI DS LLET Lc Lr Lf
[ mm ] [ mm ] [ mm ] [ mm ] [ mm ] [ mm ] [ mm ]
147 107 130 25.5 44.0 1.42 1.30
Table 3.1: Connection main dimensions.
3.2.2 Connection torsional strength
The torsional strength of the connection is given by the limit condition of static friction. At friction
bond limit condition each portion of contact surfaces reacts with a tangential traction given by:
τs = fs p, where fs is the coefﬁcient of static friction between the two mating surfaces and p is
the contact pressure. Tangential traction τs generates an element of force over an element of area,
and then a torque with respect to the connection axis. Integrating all the torque contributions, the
connection torsional strength is obtained. This integral can be solved numerically, through a FE
model as proposed later. Actually, the connection torsional strength Ts is given by the friction term
contribution and a negative helix term:
Ts = fsT1−Th (3.1)
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T1 can be deﬁned as the torsional strength if the coefﬁcient of friction equals unity. The further
term Th has to be considered only when the stop face is in contact. The stop face pressure generates
an axial load between the ADP and the STJ, then a disengaging torque results due to the helix angle
of the thread. However, this term is much smaller if compared to the friction term (quantities are
shown later).
Unity coefﬁcient of friction torque T1 can be related to the average pressures: pc, pr,i, pf,i, ps just
calculating the axial moment component and assuming shear stress equal to the contact pressure.
T1 = pcπDOLc
DO
2
+ ps
π
4
(D2S−D2I )
DS +DI
2
+
nr
∑
i=1
pr,iπDOLr
DO
2
+
nf
∑
i=1
pf,iπDOLf
DO
2
(3.2)
where nr is the number of the engaged thread root sections with a plane through the connection
axis, and nf is the number of engaged ﬂank sections. About the connection here analyzed: nr = 13
and nf = 12 [14].
Eq.3.1 can be restated for kinetic friction torque while the connection is being made up and then
contact surfaces are sliding. Required modiﬁcations are the coefﬁcient of kinetic friction, instead of
the static one, and that the term Th produces a positive contribution to the torsional resistance as the
connection is being engaged.
If the connection is long and, as consequence, the contact surface large the torsional strength can
be higher than the body pipe torsional yield limit. Body pipe plastic limit torque is given by the
condition of fully plasticity at the ADP section. The ADP shows a wall thickness of 20 mm near to
the connection, that reduces to 13 mm away from the connection (DO = 147 mm, DI = 107 mm
near to the connection, DO = 147 mm, DI = 121 mm away from the connection). The thickness
reduction is not shown in Figs.3.1,3.2. Consequently, the lower body pipe torsional plastic limit
Tp = 76.5 kN m away from the connection [17]. Connection torsional strength larger than Tp has
not practical interest, unless an increase of the body pipe wall thickness is provided. However, the
hydraulic design of the pipe limits the possibility of changing section diameters.
3.3 Finite element model
In the present study the FE model to study the threaded connection is 2D axialsymmetric. As
the torsional strength of the connection is evaluated by means of friction from pressures, the only
loads applied to the model are interferences between ADP to STJ contact surfaces (see Fig.3.2).
Gap elements were applied to model contact interfaces. Each gap element allows for imposing an
interference and returns the average contact pressure over the element. The FE model is depicted in
Fig.3.3.
Thread root is a notch with a stress concentration. Aluminum alloy yield limit is lower than the
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Figure 3.3: 2D FE axialsymmetric model, contact gap elements, elastic–plastic material behavior
for the ADP part.
quenched and tempered tool joint steel yield limit. Therefore, the ADP part was modeled as
elastic–plastic material, introducing as hardening rule a multi–linear model reproducing the True
σ − ε curve of the material (isotropic hardening was considered, however, kinetic hardening would
produce similar results since monotonic loading is applied). On the contrary, for STJ elastic material
was considered (steel Young’s modulus Es = 205000 MPa). The FE model results indicated that:
• the elastic–plastic behavior of the ADP aluminum alloy produced plasticity only on small
regions at thread roots which did not signiﬁcantly modify the overall elastic response of the
connection;
• the gap element contact nonlinearity almost did not appear, because all mating surfaces were
conformal and contacts kept being closed after imposing interferences.
Thus, the linearity between interferences and contact pressures roughly holds, at least in the
interferences ranges of interest for the application. It is then possible to summarize the FE model
results in one simple linear relation between interferences Ic, Ir, Is, and the unity coefﬁcient of
friction torque T1. Indeed, there is linearity between interferences Ic, Ir, Is and pressure distributions
pc, pr,i, pf,i, ps, and there is linearity between pressure distributions and unity coefﬁcient of friction
torque T1, as obvious from Eq.3.2. T1 can then be written as:
T1 =C1Ic +C2(Ir− Ic)+C3Is (3.3)
The form of Eq.3.3 was suggested by the fact that Ic and Ir are usually the same (they are nominally
the same but, due to machining tolerances, they can result slightly different) then the C2 term
usually gives a small contribution. On the contrary, Ic and Is are independent one from the other.
Partial derivatives of T1, with respect to interferences, are linearly related to C1, C2, C3. Thus to
ﬁnd the coefﬁcients, three FE simulations are enough, after imposing each interference equal to
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unity, while keeping the other two null. However, it is worth remembering that linearity holds
approximately, since contact and material plasticity play their moderate role. To obtain an accurate
set of coefﬁcients C1, C2, C3 small interferences differences were taken near to the actual values of
interferences (shown later about assembling techniques). Following this procedure the following
coefﬁcientsC1,C2,C3 were found:
C1 = 435 kNm/mm
C2 = 270 kNm/mm
C3 = 670 kNm/mm
(3.4)
Due to the approximate linearity between interferences and pressures, the helix torque term Th is
also linear to the stop face interference Is (provided that the stop face is in contact, otherwise the
term Th is null):
Th =ChIs (3.5)
Th is a 3D characteristic of the connection, however, it was possible to ﬁnd the coefﬁcient Ch by
means of the 2D axialsymmetric model. Two simulations were taken: the ﬁrst at null Is and the
other at a positive Is. The FE allowed for calculating the overall elastic strain energy for both cases,
then imposing the energy balance, and considering the geometry relation between the thread pitch
and axial interference Is, theCh coefﬁcient was found:
Ch = 4.4 kNm/mm (3.6)
It is worth noting that C3 fs  Ch (as shown below, fs equals 0.3), then the helix term can be
neglected.
These values are valid for the ISO 15546 147×13 connection (main dimensions are presented in
Tab.3.1). However, other types of connections, or different dimensions, can be analyzed following
this approach, but rather differentC1,C2,C3,Ch could be obtained.
3.4 Experimental apparatus for torsional tests
To apply torsional load to the ADP–STJ connection (in both directions) a test rig designed to make
up and break out large diameter pipe threaded connections was used. This apparatus, produced by
Weatherford company, is depicted in Fig.3.4.
A longitudinal guide holds two grippers, with three hydraulic actuators radially located at 120◦
apart. One of the two grippers is free to move axially along the guide. At the other side a rotating
gripper is longitudinally ﬁxed to the guide. One side of the pipe connection is held by the axially
free gripper while the other side is spun by the rotating gripper. Due to the helix of the thread, the
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Figure 3.4: Weatherford apparatus to perform connection make up and break operations.
axially free gripper slightly moves along the guide as the connection is made up, or broken out.
To perform high torque both three point grippers can be used. The maximum torque available is
90 kN m in both rotational directions. Moreover, the apparatus allows for the applied torque to be
measured and make up and break out operations can be numerically controlled by a computer.
The torque apparatus used to accomplish experimental tests reported here, was kindly put at disposal
by CMA Canavera Srl company.
3.5 Assembling techniques
3.5.1 Aluminum drill pipe to steel tool joint ‘hot’ assembling
Aquatic is one of the top Russian companies producing ADP. They developed a ‘hot’ assembling
technique to connect ADP to STJ quickly and with good repeatability [18]. The STJ has a dia-
metrical interference with respect to the ADP, either at the thread and at the thread free surface.
The interference tolerance can be obtained by standard machine tool, and then measured with
proper gages. Before assembling the STJ is warmed up, then ADP and STJ are quickly connected.
During the assembling transient, the ADP is kept at room temperature through a water jet ﬂux in
the internal hollow space of the pipe.
Due to the difference of temperature, the STJ enlarges with respect to the ADP, and the diametrical
interference can be compensated. In this way, the ADP and STJ can be made up with a negligible
torque. If the difference of temperature is not large enough, to compensate the diametrical inter-
ference, the connection make up is incomplete, and no contact is obtained at the stop face. This
incomplete make up condition is not acceptable and then it has to be avoided imposing the required
difference of temperature. After the connection is made up, the difference of temperature naturally
reduces, and the ﬁnal condition is gradually obtained.
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It is worth mentioning that the aluminum alloy microstructure has not to be exposed to high
temperature for long time, since it was artiﬁcially aged before. As the hot steel gets in contact with
aluminum surfaces, some ADP regions experience rapid temperature increase. The temperature
increase has to be limited (or for a limited time) otherwise the aluminum alloy mechanical properties
are reduced.
Difference of temperature necessary to compensate the diametrical interference ΔTI can be calcu-
lated from the coefﬁcient of thermal expansion for steel α = 12×10−6 ◦C−1:
ΔTI =
Id
DO α
Id = max{Ic, Ir}
(3.7)
Id is the maximum between the two diametrical interferences Ic and Ir. The imposed difference of
temperature ΔT has then to be larger than ΔTI .
It is also worth noting that thermal expansion is both diametrical and longitudinal. The length
from LET edge to the stop face (LLET, Fig.3.2) is enlarged while STJ is hot. As the difference of
temperature drops, axial interference Is between ADP and STJ is obtained at the stop face:
Is = LLET α ΔT (3.8)
Two tests were performed on hot assembled connections, using the apparatus showed in Fig.3.4.
The two connections were provided by Aquatic company already made up. The connections were
broken out and the applied torque was recorded. The measured torsional strength Ts of the tested
connections are summarized in Tab.3.2.
Ic Ir α ΔTI ΔT Is Ts T1 fs
[ mm ] [ mm ] [ ◦C−1 ] [ ◦C ] [ ◦C ] [ mm ] [ kN m ] [ kN m ]
0.38 0.38 1.2×10−5 227 240 0.074 61 215 0.29
0.38 0.38 1.2×10−5 227 240 0.074 67 215 0.31
Table 3.2: Hot assembling experimental test results.
Given the diametrical interferences Ic and Ir, the minimum required difference of temperature
ΔTI was obtained. Each connection had been hot assembled before imposing a difference of
temperature ΔT higher than ΔTI . The STJ temperature can be controlled with low accuracy since it
varies remarkably during the assembly transient. Thus, to fulﬁll the ΔT > ΔTI condition, the STJ
temperature was imposed in the range of 370÷400 ◦C before assembling. The value ΔT = 240 ◦C,
reported in Tab.3.2, is then approximate. Further interference at the stop face Is is given by Eq.3.8.
From the knowledge of all the three interferences, Ic, Ir and Is, it was possible to calculate the unity
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coefﬁcient of friction torque T1, Eq.3.3. Finally, by inverting Eq.3.1, the coefﬁcient of static friction
fs was obtained. The two results were slightly different. The average value of the coefﬁcient of
static friction fs = 0.30 is the ﬁnal result of the combined experimental and FE analysis on this kind
of connection. By knowing fs, it is now possible to evaluate the torsional strength with different
diametrical interferences.
Hot assembling torsional strength was below 70 kN m for both tests, while the body pipe torsional
strength plastic limit is larger: Tp = 76.5 kN m. The ADP–STJ connection is then the weak point
of the string under torsional load.
From the FE model, contact pressures at thread root sections and thread ﬂank sections were also
obtained and reported in Fig.3.5.
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Figure 3.5: Contact pressure distributions: (a) root section pressures pr,i, with i = 1 . . .nr, (b) ﬂank
section pressures pf,i, with i = 1 . . .nf.
Both ends of threaded region are stress concentrators, i.e. the average pressure at roots and ﬂanks
are higher than in the middle of the threaded region. Comparing Fig.3.5 (a) and (b), it is clear that
most of the torsional resistance is obtained by diametrical interference instead of axial interference,
because root pressures are higher than ﬂank pressures.
3.5.2 Aluminum drill pipe to steel tool joint ‘cold’ assembling
An alternative assembling technique is proposed here for connecting ADP to STJ, without using
the difference of temperature, but assembling the two parts at room temperature. This technique
can be deﬁned ‘cold’ assembling. The main issue for this technique is the friction between the two
parts while connecting them. The friction problem is twofold:
• to connect the two parts (without the aid of thermal expansion) an elevated torque is required
and then the ADP could experience large plastic deformation regions;
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• friction is known to show large scatter, also under controlled nominal conditions (materials
combination and state of the surface).
Solutions against these two problems are proposed in the present section.
To avoid excessive make up torque a special compound was used, speciﬁcally developed for this
application by Protech Centreform Ltd. The compound was a modiﬁed epoxy resin (novolac) using
an amine rich catalyst to induce cross linking polymerization. The epoxy base resin is ﬁlled with a
very high level of solids (about 70 weight percent) with various ceramic ﬁllers, including silicon
carbide and titanium nitride, of selected sizes from 4 μm to 60 μm. A high percentage of large size
ﬁllers are spherical to provide ball bearing type lubrication, while the connection is being made
up. Due to the high content solid phase, after curing, the compressive strength of the composite is
extremely high and this avoids the crush. The catalysation process (curing) is almost isothermal,
the temperature does not exceed 60–70 ◦C.
A proper compound layout was carefully deposited on the ADP part to be cold assembled and
then connection tested. A uniform distribution of the compound on all contact interfaces was
aimed, Fig.3.6. The compound was placed on ﬁrst threads, to be drawn on the remaining threads as
uniform as possible. The control of this layout procedure is mainly empirical.
Low friction 
compound
Figure 3.6: Low friction compound applied on ADP part at contact interfaces: conical thread free
surface, thread, and stop face.
While the compound is nearly liquid, the coefﬁcient of kinetic friction is much lower than the metal
to metal dry contact coefﬁcient of kinetic friction. Then, the term ‘wet’ friction is used here and
correspondingly the coefﬁcient of wet friction fw is introduced. The Coulomb friction model can be
still applied. No viscous force is effective as the connection is assumed to be made up slowly. Make
up torque necessary to impose the interferences is not too high. After assembling, the compound
goes through the curing phase and high coefﬁcient of static friction is obtained (experimentally
results are reported below). The use of the compound is then strategic, to exploit low friction while
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assembling the connection, and then to obtain high torsional strength after curing.
During cold assembling the torque to be applied on the connection keeps increasing, Fig.3.7.
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Figure 3.7: Increasing required torque during cold assembling. Deﬁnition of Make Up torque and
Break Point torque.
Diametrical interferences Ic and Ir are to be intended as the stop face is in contact, i.e. at the Break
Point (BP), when the torque is TBP. After BP, the assembling curve is very steep, since the stop face
interference increases very quickly. The applied torque reach the Make Up (MU) torque TMU in a
small fraction of a turn as the stop face interference reach its ﬁnal value Is.
This curve slope change gave the possibility to measure the coefﬁcient of wet friction during
assembling. Indeed, assembling curve can be expressed similarly to Eq.3.1 (wet friction instead of
static friction and positive helix term):
Tw = fw[C1Ic +C2(Ir− Ic)+C3Is]+ChIs (3.9)
The torque apparatus allowed to record the experimental assembling curve, for each tested connec-
tion. Entering the value of TBP in Eq.3.9, with diametrical interferences Ic, Ir and zero stop face
interference Is = 0, the wet coefﬁcient of friction fw was obtained for each test. Assuming the same
wet coefﬁcient of friction fw even for the further stop face contact, and entering the make up torque
TMU in Eq.3.9 the axial stop face interference Is was found. All cold assembling test results are
reported in Tab.3.3.
In the ﬁrst 5 tests the imposed TMU was nominally 60.0 kN m (obviously the control system had a
limited accuracy, however the actual value was measured). In all remaining tests the imposed TMU
was nominally set at 47.0 kN m. Coefﬁcient of wet friction fw experimentally obtained showed a
mean value of μ fw = 0.15 and a standard deviation of σ fw = 0.06, i.e. the 40% of the mean value.
The presence of the compound actually reduces the average kinetic friction but increases its scatter.
As a consequence, in some case the actucal coefﬁcient of wet friction can still be high. The main
reason of the large scatter is probabliy due to the not uniform distribution of compound over contact
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test Ic Ir TBP fw TMU Is Ts fs
[ mm ] [ mm ] [ kN m ] [ kN m ] [ mm ] [ kN m ]
1 0.29 0.26 22.9 0.19 61.3 0.29 > 90.0 > 0.29
2 0.39 0.36 37.6 0.23 61.3 0.15 > 90.0 > 0.35
3 0.37 0.38 31.6 0.19 60.6 0.22 > 90.0 > 0.29
4 0.29 0.29 22.6 0.18 60.9 0.31 > 90.0 > 0.27
5 0.27 0.28 30.9 0.26 61.4 0.17 > 90.0 > 0.38
6 0.38 0.39 23.4 0.14 47.6 0.25 > 90.0 > 0.27
7 0.18 0.15 17.2 0.25 47.7 0.18 74.4 0.39
8 0.18 0.16 9.0 0.12 45.5 0.42 > 90.0 > 0.26
9 0.29 0.29 13.9 0.11 46.1 0.41 > 90.0 > 0.23
10 0.29 0.29 19.7 0.16 46.5 0.24 > 90.0 > 0.31
11 0.29 0.29 22.1 0.17 47.5 0.21 > 90.0 > 0.34
12 0.29 0.28 24.1 0.20 47.9 0.18 85.7 0.36
13 0.27 0.27 21.9 0.19 47.9 0.20 72.4 0.29
14 0.27 0.29 7.6 0.06 47.8 0.88 > 90.0 > 0.13
15 0.27 0.27 12.5 0.11 47.7 0.46 > 90.0 > 0.21
16 0.26 0.27 13.3 0.11 47.7 0.43 > 90.0 > 0.23
17 0.26 0.27 5.1 0.04 47.6 1.26 > 90.0 > 0.10
18 0.27 0.28 5.8 0.05 47.7 1.15 > 90.0 > 0.11
Table 3.3: Cold assembling experimental test results.
surfaces. As already pointed out, low friction allowed to get high axial stop face interference Is, that
was not available with hot assembling technique. After compound curing all connection specimens
were loaded to break out. However, most of them had reached a torsional strength Ts too high for
the available torque apparatus (i.e. larger than 90 kN m). It is worth remembering that the body
pipe plastic limit is Tp = 76.5 kN m, then the torsional strength of the connection is no more the
weak point of the string under static torsional load. Some of those tests that showed a relatively high
coefﬁcient of wet friction fw (around 0.2) had low axial stop face interference Is and then showed
a break out torque below the apparatus limit of 90 kN m. Considering these tests the coefﬁcient
of static friction fs was obtained, through Eq.3.1, and it resulted again around 0.3, as for metal
to metal dry contact. For all other tests it was only possible to state that the coefﬁcient of static
friction fs had to be larger than the value for which the connection torsional strength would be 90
kN m. Though this piece of information is partial, it is encouraging to read solid compound fs even
larger than 0.3.
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Fig.3.8 shows pressure distribution at thread roots and ﬂanks both at BP (Ic = 0.27 mm, Ir = 0.27
mm, Is = 0.0 mm) and at MU (Ic = 0.27 mm, Ir = 0.27 mm, Is = 0.46 mm).
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Figure 3.8: Contact pressure distributions, at Break Point (BP) and at Make Up (MU): (a) root
section pressures pr,i with i = 1 . . .nr, ﬂank section pressures (b) pf,i, with i = 1 . . .nf.
Diametrical interferences and axial interference are almost decoupled with root and ﬂank pressures.
At the BP axial interference is null and few ﬂanks are in contact with very low pressures. By
increasing axial interference after BP, the ﬂank pressures rises while root pressure almost does not
change. Cold assembling relies much more on axial interference, if compared to hot assembling.
Indeed, at the BP ﬂank pressures are very low, while at the MU ﬂank pressures are much higher
than root pressures.
As observed, the coefﬁcient of wet friction is a reason of scatter. However, this uncertainty can
be circumvented using the proposed FE–analytical model and a control procedure. Diametrical
interferences Ic, Ir are known before assembling. To obtain a certain connection torsional strength
the required axial interference Is is given by Eq.3.1 (assuming fs = 0.3). A control sequence has
then to be applied:
1. the assembling curve is recorded during make up;
2. at the BP the actual coefﬁcient of wet friction fw can be found by means of Eq.3.9, (equating
Tw = TBP, with Is = 0);
3. the make up torque TMU (to generate the required Is) is given by Eq.3.9 using the just found
coefﬁcient of wet friction fw;
4. ﬁnally, the make up torque is imposed to the connection.
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To perform this assisted assembling procedure a dedicated software is required both to evaluate the
make up torque in real time, and then to control the assembling apparatus. The coefﬁcient of wet
friction is no more a reason of scatter on cold assembling connection torsional strength.
3.6 Estimated connection tensile strength
Connection tensile strength can be estimated by means of the present FE model. Besides interfer-
ences, a remotely axial load was applied on the ADP–STJ FE axialsymmetric model. The plastic
strain distribution at the thread roots were evaluated. For both assembling techniques it was found
that the most critical thread root was the thread number 1 root (see for example Fig.3.8 to spot
the thread number 1) that experienced the most damaging local plastic strain distribution. Though
axial interference generates very high pressure at thread number 12 for cold assembling, Fig.3.8(b),
thread root number 1 is much more sensitive to the application of the axial load than thread root
number 12, because the latest is more shielded by the entire thread region. Fig.3.9 shows the
maximum local plastic deformation at the critical thread root (thread root number 1). Two limiting
conditions are reported in Fig.3.9:
1. the limit axial load that produces body pipe full plasticity, Fa = 2630 kN.
2. the true fracture strain εf,T = 0.37.
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Figure 3.9: Tensile strength of the connection: (a) hot assembling (b) cold assembling.
It is evident that the hot assembling technique is well designed, since the maximum plastic strain
at the critical thread root reaches the fracture strain at the body pipe full plastic section condition.
Connection axial strength is then approximately the same as body pipe axial strength. Moreover,
maximum plastic strain is almost not sensitive to the diametrical interference Ir. About cold
42 Torsional strength of aluminum drill pipe to steel tool joint connection
assembling, imposing high axial interference (then obtaining advantage in torsional strength), the
axial load that produces fracture strain, at the critical thread root, is lower than the body pipe
limit axial load. Trade off between torsional strength and axial load strength is then required
for cold assembled connections. However, results shown in the present section are not validated
experimentally. The actual failure mode under tensile axial load could be different from that
assumed here.
3.7 Conclusions
• A unique approach was used to linearly relate connection interferences to the unity coefﬁcient
of friction torque. The connection torsional strength and the torque during connection make
up are related to the unity coefﬁcient of friction torque, simply multiplying by the coefﬁcient
of static friction or by the coefﬁcient of wet friction. An helix torque term was also found,
but it was shown to be negligible.
• A linear three coefﬁcients equation was proposed to relate the unity coefﬁcient of friction
torque to connection interferences.
• The linear equation coefﬁcients were easily found through a 2D axialsymmetric FE analysis.
It was found that contact and local plasticity nonlinearities essentially did not affect the
global linearity between interferences and unity coefﬁcient of friction torque.
• Hot assembling has a limitation given by of the temperature induced in the aluminum part.
• Hot assembling does not properly exploit the axial pressure contribution, because through
this assembling technique it is possible to impose a negligible small axial interference.
• Hot assembling does not rely on coefﬁcient of kinetic friction during make up. Anyway, hot
assembling relies on static coefﬁcient of friction between the two metal parts, which is still a
reason of scatter.
• From hot assembled break out tests it was possible to ﬁnd the coefﬁcient of static friction
between the two metals dry contact. The value found was 0.30.
• During cold assembling the use of a special compound between contact surfaces is strategic.
Indeed, cold assembling draw advantage from the reduced coefﬁcient of wet friction, while
the compound is liquid. After connection make up, the compound naturally cures in short
time, and then the static coefﬁcient of friction rises, producing high connection torsional
strength.
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• The compound lowers the coefﬁcient of wet friction around to 0.15 as it is liquid. After
curing, the coefﬁcient of static friction rises to 0.3, which is the same as dry contact.
• Exploiting this result, the torsional static strength is approximately double than the make up
torque. Then, it is possible to make up the connection without any risk of inducing large
regions of plasticity on the aluminum part.
• The hot assembled tested connections showed torsional strength lower than the body pipe
plastic limit, while the cold assembled tested connections had torsional strength higher than
this benchmark value.
• The tensile strength of the connection was estimated through FE modeling, assuming as
limit condition the maximum plastic strain equal to the true fracture strain at the critical
thread root. A trade off between torsional strength and axial load strength is required for cold
assembled connections.
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Chapter 4
Resonant test rigs for fatigue full scale
tests
Results reported in the present chapter were recently published in the International Journal of
Fatigue – Elsevier [1].
Drill string fatigue damage is a well known issue in oil drilling technology, recording more than
50% of failures [2], and failures at the drilling sites can be very costly and time consuming for
the recovery procedures. Full scale fatigue tests are therefore strategic for drilling contractors.
Recently, devices to test drill string connections have been proposed. Miscow et al. [3] proposed a
test rig based on four points bending scheme. The specimen is rotated at a frequency in the range
5–15 Hz and a constant tensile axial load can also be superimposed. To produce the required high
axial load the test structure is heavily loaded and a massive frame is necessary to this purpose.
A similar four point bending test equipment has been employed by Grondin et al. [4] at a test
frequency of around 7 Hz. They also developed an interesting solution for producing axial loading
employing a compressed rod inserted inside the hollow string under testing. With this solution
the required axial load can be produced without any external frame. Moreover, tests in corrosive
environment (NaCl solution) could be performed at low frequency (around 1–5 Hz, near to the
actual frequency during drilling). These tests can be considered very representative of the operative
conditions where fatigue acts in combination with mean stress and corrosive environment which
is particularly effective at low rotating speed. However, this kind of test is very time consuming,
indeed to produce a 10×106 cycles test, on a single specimen, four full months are necessary. Then
this kind of test is not suitable for a systematic assessment of the fatigue resistance, in particular
when statistical evaluations are required.
Smith et al. [5] employed a four point bending rig and a rotating cantilever beam rig to test
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innovative titanium drill pipe design.
Veidt et al. [6] adopted a four point bending test facility similar to that employed by Miscow et al.
[3], consisting in a very strong external frame able to produce tensile axial load in the specimen.
In the present study different schemes of test rigs for bending fatigue tests on drill string connec-
tions are proposed. The dynamic behavior near to the resonance frequency is exploited to induce
high bending moment in the connection. The resonant condition is reached by means of rotating
eccentric masses. Through this technique the test frame just hold the specimen and no hydraulic
actuator is employed, since the load is provided by inertia forces. As a consequence, both the
complexity and the structural strength of the testing apparatus is much lower as compared to the
four point test rig. Moreover, the resonance can be set by a proper choices of the masses and
full-scale tests can be run at a frequency up to 25–30 Hz, thus reaching 10×106 fatigue cycles in
about four full days test. A drawback of proposed test rigs is that mean axial load can not be applied
(only alternating or rotating bending, i. e. cyclic stress at load ratio R =−1). On the contrary heavy
test rig frame is able to exert high tensile axial load (as proposed in Refs. [6, 3]). Moreover, the
choice of high frequency tests (faster than the working condition) reduces the possibility to test
the effect of environment on fatigue. However, interesting comparisons between the basic fatigue
strength of different design solutions can be obtained in a relatively short time at a reasonable cost.
Notation
NC 26 Type of connection according to API standard.
NC 50 Type of connection according to API standard.
ADP-STJ 147×13 Type of connection according to ISO standard.
F1 Eccentric rotating mass inertial force on bending arm 1.
F2 Eccentric rotating mass inertial force on bending arm 2.
me Eccentric rotating mass.
Re Eccentricity of the rotating masses.
d Displacement of the bending arm point where rotating masses are placed.
de Relative displacement of the rotating masses.
f Rotational frequency of eccentric rotating masses.
ω Rotational speed of eccentric rotating masses.
fn Natural frequency of the specimen acting as a dynamic system.
ωn Natural frequency of the specimen expressed as rotating speed.
ξ Rotational frequency over natural frequency ratio.
Da Dynamic ampliﬁcation factor.
γ Phase angle between the two couples of rotational masses.
4.1 Connection types to test 47
kb Bending stiffness of the specimen.
ma Mass of the bending arm.
La Length of the bending arm.
IQ Mass moment of inertia of the bending arm.
ID Inner diameter.
OD Outer diameter.
J Area moment of inertia of the section.
Wb Section bending modulus.
H Specimen length.
E Young modulus.
Ai Vibrating beam shape coefﬁcients (i = 1,2,3,4).
u(x, t) Vibrating beam displacement as a function of position x and time t.
m Mass of the vibrating beam.
mf Fix mass to be placed at vibrating beam ends.
m∗e Rotating mass at one vibrating beam end.
R∗e Rotating mass eccentricity.
d∗e Relative displacement of the rotating mass.
ρ Density of aluminum alloy.
χ ‘Length’ frequency of the vibrating beam.
α1 First harmonic amplitude of the strain–gauge signal.
α2 Second harmonic amplitude of the strain–gauge signal.
R Load ratio.
σn Nominal bending stress at the fatigue failure section.
Mb Bending moment at the fatigue failure section.
σn,e Nominal bending fatigue endurance limit.
κn Nucleation slope of S−N curve, in log–log coordinate.
κf Fatigue failure slope of S−N curve, in log–log coordinate.
4.1 Connection types to test
Two types of connections were tested:
• high-strength steel connection (hereafter named as steel connection), related to standards
Refs. [7, 8];
• aluminum light–weight pipe connection with steel tool joint (hereafter named as aluminum
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to steel connection), related to standard Ref. [9].
As previously discussed, the steel connection is much more common in oil drilling and extensive
technical literature can be found. The state of art about steel connection fatigue can be found in
Refs.[10, 11, 12]. On the contrary, aluminum to steel connections have been recently developed
by Russian drilling contractors and no systematic studies are available yet. Aluminum drill pipes
are spreading worldwide due to potential advantages, discussed in Ref. [13], based on the elevated
strength–over–weight ratio and low stiffness of the material as compared to quenched and tempered
steels.
Steel connections are composed of two conical threaded sides: Pin and Box attached to the pipe
body by means of friction welding, as shown in Fig. 4.1(a). Typical fatigue cracks, leading to
failure, usually nucleate at last engaged thread root either at the pin side or at the box side, as shown
in Fig. 4.1(b).
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Figure 4.1: (a) Conical threaded connection between pin and box steel tool joints, attached to the
body pipe by friction welding. (b) Fatigue nucleation sites either at the pin or the box sides.
For aluminum to steel connection, tool joints at pin and box sides feature conical thread and they
are made of steel because they need to be engaged and disengaged very often, during the drilling
operation. In this design, to connect the aluminum pipe body to the steel tool joints two other
threaded connections are required; one for each side, Fig.4.2(a). These other connections are
assembled at the component manufacturing stage and they do not have to be disengaged for the
whole life of the drill pipe. As depicted in Fig.4.2(a), the steel components feature a conical end
without internal threads to shield the last engaged thread of the aluminum pipe against fatigue due
to bending. Fretting fatigue, at the contact between the rounded edge of the steel component and
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the aluminum pipe body, generates fatigue crack nucleation, as illustrated in Fig. 4.2(b).
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Figure 4.2: (a) Aluminum to steel threaded connection is required (instead of friction welding) to
connect the pipe body to the tool joint. (b) Fretting fatigue, at the steel edge, is the failure mode of
this type of connection.
The main dimensions of the tested specimens are reported in Tab.4.1.
It is worth noting that the overall length of the aluminum to steel connection is higher than the steel
connections, since two extra connections are required. As a consequence, two different test rigs
were designed to produce full scale fatigue testing on these two different connection types.
4.2 Test rig design
4.2.1 Test rig for steel connections
In Fig.4.3 the test rig for steel connection is shown. Two couples of counter–rotating eccentric
masses, at the top of two bending arms, induce inertial forces on the the specimen.
Force and displacements are in plane, then alternating (not rotating) bending is applied to the
specimen, as schematically shown in Fig.4.4.
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Connection Standard Outer Inner Specimen
type nomenclature diameter diameter length
Steel connection NC 26 88.9 mm 38.1 mm 1.2 m
Steel connection NC 50 168.8 mm 71.4 mm 1.2 m
Aluminum to steel connection ADP-STJ 147x13 147 mm 107 mm 3.7 mm
Table 4.1: Main dimensions of the tested connection specimens.
Bending armsRotating masses SpecimenStrain gauge
1.2 m
(a) (b)
Figure 4.3: (a) Picture of the test rig. (b) Steel connection specimen.
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Figure 4.4: Two couple of counter–rotating masses, each hinged at the top of massive arms, generate
cyclic bending on the specimen.
The system allows for shifting the phase between the two couples of rotating masses, then a phase
angle γ is introduced.
The eccentric counter–rotating masses generate two longitudinal forces at the top of the two arms
which, if the specimen is assumed to be rigid, are given by:
F1(t) = 2 meω2Re cos(ωt)
F2(t) = 2 meω2Re cos(ωt + γ)
(4.1)
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while the transversal components of the two forces are balanced for each couple of masses.
If the forces F1 and F2 are in-phase (γ = 0), no bending moment is induced in the specimen,
since the specimen is supported by springs which allow in–plane free rigid displacements. On
the contrary, in the out-phase condition (γ = π), the bending moment induced in the specimen
is maximum. Moreover, the test rig operates at a frequency which is near (but lower) to the ﬁrst
resonance of the dynamic system in which the specimen is the spring and the two bending arms
are the inertial bodies. Near to the resonance frequency the bending moment experienced by the
specimen is much greater than that produced by forces F1 and F2.
On the basis of the following reasonable assumptions, a simple dynamic model of the system can
be obtained:
1. out-phase condition, γ = π;
2. bending arms are rigid as compared to the specimen;
3. specimen inertia is negligible in comparison to bending arms inertia;
4. bending deﬂection of the specimen is prevailing;
5. no damping effect is considered.
For assumption 1, half structure can be considered due to symmetry. As observed, by imposing
different phase angle γ , the bending moment can be continuously varied by a factor sin(γ/2) ranging
from the maximum value (γ = π), to zero in the in-phase condition (γ = 0). For assumptions 2
and 3 it follows that the dynamic system has one degree of freedom with the specimen as a spring
and the arms as inertia. Moreover, by neglecting the specimen mass, the bending moment can
be considered to be uniform along the specimen length. The here suggested model is depicted in
Fig.4.5.
In order to estimate the natural frequency, fn = ωn/(2π), model parameters can be evaluated as
follows:
• bending stiffness: kb = 2EJ/H, where E is the material Young modulus, J = π64(OD4− ID4)
the section moment of inertia about the bending neutral axis and H the free bending length;
• the mass moment of inertia about the axis through point Q of the arm having mass ma is
IQ = 13maL
2
a , by assuming mass ma uniformly distributed over its length La;
• the natural frequency is: ωn =
√
kb/IQ.
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Figure 4.5: (a) Natural frequency of the dynamic system, fn = ωn/(2π). (b) Excited vibration of
the system, at an imposed frequency f = ω/(2π). Resonance is the condition: ξ = ω/ωn = 1.
Le us consider the system loaded by a periodic force with a rotational speed of ω as shown in
Fig.4.5(b). The displacement d can be obtained by solving the equation, neglecting any damping:
kb
d
L2a
+ IQ
d¨
L2a
= 2 ω2Reme cos(ωt) (4.2)
giving, the solution1:
d =
2 ω2Reme
kb− IQω2 L
2
a cos(ωt) (4.3)
The nominal bending stress amplitude σn is deﬁned as bending moment divided by bending modulus
of the pipe section. It can be related to the frequency ratio ξ = ω/ωn as follows:
σn =
2RemeLa
Wb
ω2
1
1−ξ 2 (4.4)
whereWb = J/(OD/2) is the bending modulus.
The form of Eq.4.4 suggests the deﬁnition of a dynamic ampliﬁcation factor:
Da =
1
1−ξ 2 (4.5)
which is the ampliﬁcation of the forces (F1,F2) due to the eccentric masses produced by the inertia
forces at the arms.
As the the damping has been neglected, Eq.4.4 indicates that the bending stress increases indeﬁnitely
when the frequency of the rotating masses approaches the natural frequency (ξ → 1). In practice,
it was observed that for the proposed test rig, Eq.4.4 gives reasonable prediction up to ξ ≈ 0.95.
For frequency near to the resonance the dynamic ampliﬁcation depends strongly on damping,
1Initial condition transient is neglected, since it vanishes very quickly, due to actual damping.
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particularly when damping is a small quantity as in the present condition. In order to obtain a
controllable behavior, the test rig was operated in sub–resonance (more details are given later) then
Eq.4.4 is accurate enough.
It is worth noting that previous assumptions and model approximations were used for interpreting
the phenomenon and deﬁning the main quantities of the apparatus, however they produce no effect
on the accuracy of the test. Indeed, the effective dynamic bending stress was continuously measured
on the specimens by means of strain gauges, during tests. Set point was keep constant within a
predetermined range (5% of the nominal value) by a closed loop system controlling the phase shift
between the two couples of counter–rotating masses.
4.2.2 Test rig for aluminum to steel connections
The rig for testing the aluminum to steel connections was designed for longer specimens as
previously discussed. Its layout is shown in Fig.4.6.
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Figure 4.6: (a) Picture of test rig for aluminum to steel connection specimens. (b) Details of the
connection to test.
The axial extension of the connections and the reduced bending stiffness did not allow the previous
testing scheme to be adopted. In this case, it was decided to give to the specimen both the elastic
and inertia characteristics of the dynamic system. As previously, it was set to operate in the region
of sub–resonance. The external load was produced by rotating an eccentric mass located at one
end of the specimen. In order to keep the symmetry of the structure and to produce the maximum
bending load in the center (where the connection is located), two masses were clamped at the ends
of the specimen.
This conﬁguration can be modeled by assuming the specimen as a massive beam (with total mass
m uniformly distributed on its length L) carrying two point–like masses mf at the ends, Fig.4.7(a).
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By spinning the eccentric mass m∗e, rotating bending was induced in the specimen (with high
ampliﬁcation near the resonance) Fig.4.7(b).
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Figure 4.7: (a) Dynamic model to ﬁnd the natural frequency. (b) Eccentric rotating mass m∗e to
excite the dynamic system.
The dynamic behavior of the system can be predicted by solving the 4th order partial differential
equation [14]:
−EJ ∂
4u(x, t)
∂x4
=
m
L
∂ 2u(x, t)
∂ t2
(4.6)
where u(x, t) indicates the lateral displacement of the specimen axis as function of the position x
and time t.
The solution is:
u(x, t) = [A1 cos(χx)+A2 sin(χx)+A3 cosh(χx)+A4 sinh(χx)]cos(ωt) (4.7)
where the ‘time’ frequency ω and the ‘length’ frequency χ are related by the relation:
χ2 = ω
√
ρA
EJ
(4.8)
Natural frequencies ωn are those values of ω , solutions of the characteristic equation, that make null
the determinant of the linear system (having the unknown coefﬁcients Ai (i = 1,2,3,4)) obtained
by imposing boundary conditions.
The vibration of a uniform beam (without masses mf ) is a classic result [14], giving the following
characteristic equation:
cos(χL)+ cosh(χL)−1 = 0 (4.9)
For the considered condition (E = 73 GPa, m = 54.6 kg, OD = 147 mm, ID = 121 mm and L = 3.7
m) the ﬁrst natural frequency is 64.4 Hz.
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The characteristic equation for the vibrating beam with point–like masses at the two ends was
obtained2:
cosh(χL)
(
cos(χL)−2mf
m
(χL)sin(χL)
)
+
−2mf
m
(
Lmf
EJ
√
EJ
ρA
ω sin(χL)− (χL)cos(χL)
)
sinh(χL)−1 = 0
(4.10)
The external masses introduce a parameter mf/m in the characteristic equation. The solution of
transcendental Eqs. 4.9 and 4.10 cannot be obtained in analytic form. In Fig.4.8 the graphs of Eqs.
4.9 and 4.10 are plotted versus ω , showing the graphical determination of the ﬁrst two resonant
frequencies (the case of mf = 30 kg was considered).
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Figure 4.8: Natural frequencies fn are the zeros of the characteristic equation. To understand the
effect of the masses mf, the model without masses at the ends is also reported.
The reduction of the ﬁrst natural frequency produced by the masses mf (the other natural frequencies
are reduced too) is particularly remarkable since masses mf are comparable to the mass of the
specimen and they are placed the ends. The value mf was chosen to set the natural frequency at the
required value for the fatigue test with the available specimen length.
In order to improve the accuracy of the dynamic model, a ﬁnite element (FE) analysis was performed
as shown in Fig.4.9. By introducing the actual properties for any cross section of the specimen,
in particular in the central region where the connection is located, the ﬁrst natural frequency was
found to be equal to 34.8 Hz, value which does not signiﬁcantly differ form 36.2 Hz estimated by
the analytical model.
In any considered model, the specimen was assumed to be free in the space, thus no external force
(other than that generated by the motion of the rotating mass) is applied. In order to reproduce this
2Symbolic software MathematicaTM ver. 5.1 was used to manipulate the algebra.
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boundary condition, the specimen was simply supported by two couples of rubber wheels. The
supports were located in the two points where the deformed axis has null displacement (i. e. the
modal nodes), Fig.4.9. The rotating eccentric mass m∗e was driven by an electric motor at constant
speed. The rotating mass was connected to the end of the specimen by a couple of bearings thus a
negligible torque was applied to the specimen, but the friction at the supporting wheels was large
enough to prevent the rotation of the specimen about its axis. The maximum displacement of the
specimen axis can be strongly ampliﬁed when the test is operated near the resonance frequency, as
in the previous solution.
X
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Deformed shape
Undeformed shape
Modal
node
Rotating mass me*
Modal
node Re*
Fix mass mf
Fix mass mf
Figure 4.9: Vibration induced in the specimen. Null displacement points, at the modal nodes, are
used to hold the specimen.
Vibrating displacement amplitude, along the pipe, is maximum at the ends, where it ranges 10–20
mm, depending on the bending amplitude imposed to the specimen. Displacements in Fig.4.9 are
strongly ampliﬁed for graphical reason.
The proper choice of specimen length and masses allowed to obtain equal bending moment
(difference below 1%) at the two critical sections located at the ends of the steel connection,
Fig.4.10.
Bending moment distribution along the specimen was evaluated by means of FE analysis. In
Fig.4.10 a typical testing conditions ( f = 32.3 Hz, fn = 34.75 Hz, ξ = f/ fn = 0.93) is shown. Same
bending stress at the two critical sections was also veriﬁed through strain gauges measurements
during tests. As explained later, three couples of strain gauges were applied along the specimen, to
experimentally reproduce bending moment distribution.
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Figure 4.10: Same bending moment Mb (and then bending stress σn) at the two critical sections of
the specimen. Positions of the three strain gauges SG1, SG2, SG3.
4.3 Test monitoring techniques
Fig.4.11 illustrates the possibilities to control bending amplitude during the test. The test frequency
is chosen within a working frequency region in sub–resonant condition. The bending stress ampli-
tude is controlled during the test in order to keep it constant.
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Figure 4.11: Ampliﬁcation induced by resonance condition. Bending stress amplitude can be
controlled either by frequency or mass phase.
Strain gauges were attached to the specimen surface in order to measure longitudinal strain and the
effective bending moment is deduced. The half-bridge strain gauges conﬁguration was adopted
since bending stress is measured, and the temperature effect is eliminated [15].
For steel connection test rig, the bending moment can be measured by a single couple of strain
gauges (as the bending moment is uniform along the specimen). The bending moment is kept
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constant by a closed-loop system operating on the phase shift between the counter–rotating masses.
While the fatigue crack is small the dynamic response is steady, then Da does not change during
time. When the crack propagates through the specimen wall thickness, specimen natural frequency
reduces, then the bending moment increases since the working condition approaches the resonance
and then Da increases. To continue the test, the external forces are reduced by modifying the phase
angle γ between the two couples of counter-rotating masses, for the whole test duration. Moreover
the unilateral contact between the crack surfaces introduces a nonlinearity in the dynamic system
which can be detected when the crack has a sufﬁcient extension. The Fast Fourier Transform (FFT)
was applied to the strain gauge signal3. In the ﬁrst part of the fatigue life, when the specimen
was not signiﬁcantly damaged, the amplitude of the ﬁrst harmonic α1 is prevailing. It was found
that the ratio between the amplitudes of the second and the ﬁrst harmonics α2/α1 can be used
as an indicator of the presence of a fatigue crack, as shown in Fig.4.12. This quantity can be
used to distinguish a phase of nucleation of a macroscopic crack to the following phase of crack
propagation. From Fig.4.12 it can be observed that also the dynamic ampliﬁcation could be used to
detect the presence of the crack, but the change in the curve is usually too smooth to be considered
as a valid indicator. Internal pressure is a very good indicator as well, detecting the fatigue crack as
soon as it reaches the pipe wall thickness, but the set up was too demanding to be applied for each
test.
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Figure 4.12: Variables used to check specimen integrity: ratio between the second harmonic wave
amplitude α2 over the ﬁrst α1, internal pressure, ampliﬁcation factor Da.
Obviously the minimum dimension of the crack that can be detected through the dynamic global
response (as the harmonic amplitude ratio) is quite large, even larger than the wall thickness (as
detected by the internal pressure drop), Fig.4.12. Therefore a signiﬁcant portion of crack growth
(in terms of elapsed cycles) could be erroneously considered in the ‘nucleation’ life. To solve this
3Visual programming software LabVIEWTM ver. 7.1 was used to handle signals and monitor tests.
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problem a backward calculation of the propagation portion can be performed in order to predict the
cycles necessary to nucleate a small crack (for example 1.0 mm long, much smaller than the wall
thickness).
For aluminum to steel connections, bending moment distribution is not uniform along the specimen,
then to properly measure the bending stress, strain gauges were applied along the pipe at three
different locations: at the middle of the steel connection (SG1) and at the two aluminum pipe body
sides (SG2 and SG3), Fig.4.10. Strain gauges were applied far enough from critical sections (SG2),
and cross section modiﬁcations (SG3) to avoid the local effect of stress concentration. To deduce
the nominal bending stress the FE solution was used (as the one of Fig.4.10) obtained simulating
the working frequency of the actual test with full geometry details. Also in this case, a single
couple of strain gauges could be used, however as the bending moment varies along the specimen,
a redundancy of signals was preferred.
For this test rig, the bending moment is controlled by changing the speed of the motor and
consequently modifying the working frequency. The fatigue crack propagation was negligible as
compared to the nucleation and, in practice, the test was conducted at a constant frequency, up to
almost the end of the specimen fatigue life. This is due to the fact that the wall thickness of the
aluminum pipes is signiﬁcantly smaller than that of the steel connections and the fracture toughness
of aluminum is lower that that of the steel. For these reasons, the maximum extension of the fatigue
crack tolerable in the aluminum pipe was not much larger than that required to produce a detectable
change in the global dynamic behavior. As a consequence, no global signal gave indication of
the presence of the crack, for this type of tests, up to few hundreds cycles before the sudden ﬁnal
failure.
Applying frequency control to the steel connection would have caused time delay due to the sizable
fatigue propagation portion.
4.4 Test results
4.4.1 Steel connection tests
Test results are reported in Fig.4.13 as S−N curves. Nominal bending stress amplitude (half full
range) σn is the bending moment amplitude Mb divided by bending modulus Wb at the fatigue
fracture section. The meaning of σn is as monolithic component, regardless internal notched
geometry due to thread. As previously discussed, these test rigs do not allow for any mean stress
applied to the specimen during testing, then the test is performed at load ratio R =−1. It is worth
noting that little scatter was obtained if compared to the typical scatter of fatigue tests. Nucleation
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life is reported according to the threshold produced by the ratio α2/α1, as discussed in the previous
section. Linear least squares ﬁtting regression is calculated on the experimental data on log–log
scale. Then S−N curves can be expressed according to Basquin equation: σn = ANbf , κ =−1/b is
the slope and A is a ﬁt constant.
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Figure 4.13: Fatigue test results for the steel connections. Nucleation and propagation are distin-
guished for each test. Run out are considered as fatigue life > 107 cycles. (a) NC 26 specimen. (b)
NC 50 specimen.
Slopes are reported on Figs.4.14 (a) and (b) for both types of specimen, κn (nucleation), κf (ﬁnal
failure). Fatigue limits σn,e are also reported (considering endurance limit at 107 cycles).
All types of fatigue fracture surfaces, experimentally obtained with steel connections, are shown in
Fig.4.14.
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Figure 4.14: (a) NC 26 pin fatigue fracture surface. (b) NC 50 pin fatigue fracture surface. (c) NC
50 box fatigue fracture surface.
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Crack fronts shown in Fig.4.14 were not clearly visible on the fracture surface which looked
quite smooth. Therefore, white lines are qualitatively drawn to enhance the interpretation of the
ﬁgure. However, it was possible to detect nucleation point and the ﬁnal crack front. Steel fracture
toughness was so high that some tests were stopped before the ﬁnal failure with a fatigue crack size
as large as half the pipe diametrical periphery. After reaching the wall thickness the fatigue crack
splits in two fronts, with radial orientation, Fig.4.14 (a) and (b). Some tests showed two nucleation
sites at the two maximum bending stress locations, Fig.4.14(c).
4.4.2 Aluminum to steel connection
Aluminum to steel connection test results are reported as S−N curve in Fig.4.15(a), along with a
typical fatigue fracture surface, Figs.4.15 (b), (c). Nominal bending stress amplitude σn has the
same meaning as previous, regardless stress concentration at the critical sections and the load ratio
is R =−1.
Fig.4.15(c) shows a stable fatigue crack propagation surface. Beach marks were difﬁcult to be
detected, however the ﬁnal position of the crack front, before unstable propagation leading to
sudden failure, can be easily detected. Moreover, it is evident how the fatigue crack experienced
multiple nucleation. This is due to the loading mode which is rotating fatigue. On the contrary,
multiple fatigue crack nucleation was not observed for the other type of test, Fig.4.14.
Stable crack growth took a signiﬁcant part of the fatigue life for steel connections (high toughness
and large wall thickness), while for aluminum to steel connection (low toughness and small wall
thickness) the life spent in this phase is short in comparison with to whole fatigue life. The size of
the crack, before sudden failure was never larger than pipe thickness. This issue inﬂuenced the way
to control tests, as discussed in previous section.
4.5 Discussion
Two types of resonant full scale fatigue test rigs were proposed. Their application was devoted to
test drill string connections, however any kind of tubular structure could be tested by using these
test rigs.
The basic idea of working near the specimen resonance frequency leads to a remarkable reduction
of the structural strength demanded from the overall frame.
Short connections (as the presented steel connection type) can be tested by means of a test rig with
two bending arms, and two couples of rotating masses on top of the bending arms. In this way
alternating bending tests can be performed, but not rotating bending tests.
For long connections (as the presented aluminum to steel connection type) the test rig with single
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Figure 4.15: (a) Aluminum to steel connection S−N curve. (b) Entire crack surface. (c) Detail of
the fatigue crack surface, at the nucleation zone.
rotating mass at one end is to be preferred. In this way rotating bending is applied to the tubular
specimen.
Test monitoring techniques were also shown. Since threaded connection is very difﬁcult to be
inspected (not destructively, to continue the test) a symptom of the presence of the fatigue crack,
is the dynamic behavior modiﬁcation. Test rig for steel connections was controlled through the
phase angle between the two couples of rotating masses. During the (long) propagation life, when
the dynamic behavior of the system is changing, the closed loop control reduces the phase angle,
keeping nominal bending stress amplitude steady. With this technique, the working frequency is not
reduced during the whole test. On the contrary, about the test rig for aluminum to steel connection,
during the (short) crack propagation life, the working frequency is reduced to keep the nominal
bending stress amplitude steady.
Tests on steel connections were performed near 25 Hz, while for aluminum to steel connections,
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near 30 Hz. In both cases the short time for testing is worthy to be remarked. In this way, extensive
test series can be performed in reasonable time. However, oil drilling connections experience
fatigue aggravated by corrosive environment and the actual rotating speed in ﬁeld ranges 1–5 Hz,
thus environment effect can not be experimentally tested by means of these kind of test rigs working
at high frequency. Mean axial load is also an important factor for fatigue on drill string connections.
By exploiting specimen resonance condition does not allow to apply any mean axial stress, then
tests are performed at load ratio R =−1 only. However, light frame and high speed tests are clear
advantages of the here proposed test rigs.
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Chapter 5
Fretting fatigue of aluminum alloy in
contact with steel
Results reported in the present chapter were recently published in the International Journal of
Fatigue – Elsevier [1]. Moreover, some results obtained by the author and exploited here were
previously published in the International Journal of Mechanical Sciences - Elsevier [2], and in
Meccanica – Springer [3].
Notation
σ0 Bending nominal stress amplitude acting on connections.
σ Axial stress amplitude acting on small scale specimens.
R Monoaxial load ratio.
Nf Number of fatigue cycles up to ﬁnal failure.
Ne Endurance fatigue limit.
E1 Steel Young modulus.
E2 Aluminum alloy Young modulus.
ν1 Steel Poisson ratio.
ν2 Aluminum alloy Poisson ratio.
f Coefﬁcient of friction.
α First elastic Dundurs’ parameters.
β Second elastic Dundurs’ parameters.
K∗I Contact pressure generalized stress intensity factor, ( MPa m
−1/2 ).
K∗II Shear traction, generalized stress intensity factor, ( MPa m
1/2 ).
66 Fretting fatigue of aluminum alloy in contact with steel
c Cyclic slip length.
P Normal load, per unit length, acting on the indenter.
Q Shear load, per unit length, acting on the indenter.
σb Bulk stress, acting below the contact interface.
Δσb Bulk stress range.
r′ Distance from the sharp edge (complete contact).
r Distance from edge of contact (incomplete contact).
p(r) Pressure distribution.
q(r) Shear traction distribution.
ΔKth Stress intensity factor threshold range.
σ∞ Axial stress fatigue limit amplitude.
Δσ∞ Axial stress fatigue limit range.
τ∞ Torsion stress fatigue limit amplitude.
L Material critical distance.
θ , φ Angles deﬁning the generic plane orientation.
θ ∗,φ ∗ Angles deﬁning the critical plane orientation.
τa Shear stress amplitude acting on the critical plane.
σn,max Maximum normal stress acting on the critical plane.
ρ Multiaxial load ratio, ρ = σn,max/τa.
ρ1 Multiaxial load ratio of small scale specimen series 1.
ρ2 Multiaxial load ratio of small scale specimen series 2.
κ Exponent deﬁning the S-N curve slope.
κ1 S-N curve slope of small scale specimen series 1.
κ2 S-N curve slope of small scale specimen series 2.
σ∞,1 Axial stress fatigue limit amplitude of small scale specimen series 1.
σ∞,2 Axial stress fatigue limit amplitude of small scale specimen series 2.
τeqa Equivalent torsion stress, according to MWCM.
SY Static Yield limit.
SUTS Ultimate Tensile Stress.
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s Slip along the contact coordinate r, during time.
s0 Slip at the edge of contact r = 0, during time.
sa Slip amplitude, at the edge of contact r = 0.
pmax Maximum contact pressure along the contact, during time.
FE Finite Element.
FF Fretting Fatigue.
TCD Theory of Critical Distance.
PM Point Method, of the TCD.
MWCM Modiﬁed Who¨hler Curve Method.
ADP Aluminum Drill-Pipe (technical term related to oil drilling).
STJ Steel Tool-Joint (technical term related to oil drilling).
5.1 Experimental evidence of fretting fatigue on full scale tests
In Fig.5.1 full scale tests of aforementioned aluminum to steel connections, are reported. The
loading condition is rotating bending without mean axial loading (R =−1), and the bending stress
σ0, just away from the connection, is here considered as the nominal stress.
Small scale testing on plain specimens, performed at fully reversed axial loading (R = −1), are
also reported in Fig.5.1, to show a comparison with the material fatigue strength.
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Figure 5.1: Full scale test results, comparison to the material fatigue strength, obtained with small
scale plain specimens.
Four tests produced FF failure while three run-out were obtained considering the endurance limit at
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Ne = 20×106 cycles.
By comparing the two lines a sort of fatigue factor can be deﬁned as the ratio between the fatigue
limit of the plain specimen over the fatigue limit of the connection. This stress ratio is 2.7 at
endurance limit Ne = 20×106.
An important issue, deeply investigated in the present study, is that the two sides of the connection
were loaded with the same bending stress, but failures were found at one side only. The only
difference in design, between the two sides, is the chamfer angle, Fig.5.2.
STJ – Box 
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STJ – Pin 
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35°
Box side fatigue section 
experienced 4 failures
Pin side fatigue section 
experienced 0 failures
?0 ?0
Figure 5.2: Different fatigue performances at the two sides of the connection.
This comparison between the two sides offers a valid insight to investigate, then it is carefully taken
into consideration here.
In Fig.5.3 evidence of FF nucleation is shown. Indeed the position where the fatigue crack nucleates
is just below the small ﬁllet (radius = 2 mm) of the steel edge, Fig.5.3(a). Moreover the crack path
resembles the common fretting crack extending below the fretting interface, up to a certain distance
and then following the crack mode I propagation [4]. Finally in Fig.5.3(b) the fretted strip, around
the cylindrical aluminum surface, is shown.
Fretting
nucleation
20 mm
Fretted
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after
integrity
lost
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(a) (b)
Figure 5.3: (a) Fretting nucleation at the ﬂat and rounded edge. (b) Evidence of the fretted strip,
near to the fretting nucleation position.
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It is worth noting that the large marks below the fretted strip, Fig.5.3(b), were produced after
the structure lost its integrity (very large crack, close to ﬁnal failure) then gross slip acted on the
surface.
This common fretting conﬁguration is similar to the shrink-ﬁtted assembly of a shaft in a housing
(discussed in the Waterhouse text book [5]) loaded by rotating (or alternating) bending, and the
fretting site is the typical ﬂat and rounded edge contact.
5.2 Stresses distribution at the ﬂat and rounded edge
As previously introduced the fatigue crack nucleation site was observed on the aluminum side at
the ﬂat and rounded edge contact. Local stresses at this location are caused by:
• radial interference, producing contact pressure between aluminum and steel surfaces;
• external bending loading, generating:
– shear traction between the two surfaces in contact;
– contact pressure transfer from the tensile side to the compression side, due to deﬂection;
– cyclic bulk stress Δσb acting below the contact, in phase with the shear traction.
It is remarkable that without radial interference, bending would produce contact loss at the tensile
side. While imposing a certain level of radial interference there is no contact loss, however pressure
distribution experiences cycling. Moreover, the higher the radial interference, the smaller the slip
length and the slip amplitude, but the higher the shear traction. Regardless these issues, at the
design stage, the radial interference is usually prescribed high enough to obtain connection sealing
and strength against torsion.
Contact pressure distribution and shear traction distribution, during bending, are qualitatively
depicted in Fig.5.4.
Considering the square ended steel (E1 = 205000 MPa, ν1 = 0.3) in contact with aluminum
(E2 = 73000MPa, ν2 = 0.3) half plane, the contact pressure distribution would follow the asymptote
p(r′) ∝ r′−0.348 near the sharp corner, if frictionless contact was assumed (Dundurs’ parameters
α = 0.4748) [6, 7], where r′ is the local coordinate starting from the sharp edge (Fig.5.4 considering
no ﬁllet).
The celebrated work of Giannakopoulos et al. [8] correctly indicates that the asymptote p(r′) ∝
r′−0.5 = 1/
√
r′ (suggesting the crack analogue) can be obtained only if the punch is rigid and the
half space is incompressible, or if the punch is rigid and the contact is frictionless. In frictionless
condition, considering the actual stiffness of the punch (steel is stiffer than aluminum, but not
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Figure 5.4: Local stress generated at the ﬂat and rounded edge, by loading the component applying
bending after imposing interference: (a) bending increasing contact pressure, (b) bending decreasing
contact pressure.
inﬁnitely rigid) the order of the singularity is r′−0.348, as mentioned before, lower than 1/
√
r′
(elastic similar materials conﬁguration shows even lower order of singularity: r′−0.226). Moreover
in friction condition, the pressure distribution is coupled with the shear traction, either due to
dissimilarity of the materials (steel in contact with aluminum) and for not having both half plane
geometry [9]. In this condition (α = 0.4748, β = 0.1357) from maps proposed in Ref. [6], it is
possible to deduce that for high coefﬁcients friction ( f near 1.0 or higher) the pressure distribution
is bounded when the contact is trailing (tensile phase of bending, in the present conﬁguration),
i.e. the pressure distribution is not singular. On the contrary during the opposite phase the order
of singularity gets worse, for example for a large value of the coefﬁcient of friction, f = 1.0, it
reaches the singularity of r′−0.460.
Considering the presence of the macroscopic ﬁllet, the contact is incomplete due to the ﬁllet (ﬂat
and rounded edge), then the pressure distribution falls to zero where the contact ends. Near the
edge of contact the pressure distribution features the competition of two asymptotes [10, 11]:
• the singular solution asymptote, termed outer asymptote, that would be found according to
complete contact condition (square ended edge at any scale level, instead of ﬂat and rounded
edge);
• the square root bounded asymptote (according to the Hertz solution) termed inner asymptote.
The outer asymptote solution is no longer valid very near to the ﬁllet (where the inner asymptote
solution dominates) and it is also no valid far from the edge where uniform pressure distribution
can be found. The presence of a macroscopic ﬁllet reduces the interest about the outer asymptote.
Indeed the process volume involved in the fretting crack nucleation has usually a size comparable to
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that of the volume whose stress distribution is inﬂuenced by the inner asymptote. This is particularly
true if the averaging length parameter, used in Ref. [12], or the critical distance in Ref. [13] (more
details are given later), that give a measure of the size of the process volume, are comparable or
smaller than the ﬁllet radius. Even if this is true for the present conﬁguration, it is not generally
valid. In the case of very little ﬁllet radius (for example nominally sharp) in comparison to material
critical distance, the stress solutions would be dominated by the outer asymptote.
Neglecting the dissimilar material effect (that couples contact pressure to shear traction, induced by
friction) the pressure distribution falls as the square root of the distance from the edge of contact,
as the Hertz plane contact solution (inner asymptote). However the use of FE does not require to
neglect the coupling effect, which is automatically reproduced by the model. Since the contact
pressure is bounded, the shear traction is limited by the coefﬁcient of friction f approaching toward
the edge of contact, and then a slip region need to exist before a stick region [14]. Due to large bulk
stress cycling, in phase with the shear traction, the slip length is extending in the ﬂat portion of
the contact [15]. At the curvature discontinuity point, where the ﬁllet is merged to the ﬂat portion
(referred as the hot spot) the pressure distribution features local inﬁnity derivative, falling from the
round portion of contact toward the ﬂat portion of contact [3].
As already mentioned, contact pressure distribution is intensiﬁed in one direction of bending and
reduced at the opposite direction, as compared to distribution produced by radial interference
alone. Shear traction distribution follows this trend as well since because in the slip region shear
traction is proportional to the contact pressure (|q(r)|= f |p(r)|). Not constant pressure distribution,
during time, could erroneously suggest that the slip length is different from the ﬁrst half cycle
in comparison to the next, however this is not possible otherwise at the end of each cycle a net
advance of one portion of the contact would happen.
FE friction contact analysis was performed to solve contact pressure and shear traction distributions,
indeed it was not possible to quantitatively transfer the external loading to local stress distribution
through simple modeling. Since the ﬁllet radius (2 mm) is very little in comparison to the tubular
outside diameter (147 mm), plane strain condition is a good approximation, at the ﬂat and rounded
edge. Indeed local constraint is similar to the imposed plane strain condition, besides hoop stress,
induced by radial interference, can be neglected in comparison to stresses concentration locally
generated by the contact. The plane strain assumption will be explicitly exploited in the Finite
Element (FE) model (more details are given later).
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5.3 Fretting fatigue model selection
The ﬂat and rounded contact has been widely investigated since it is a very common conﬁguration
where FF happens. Main recently developed approaches to characterize the FF are [10]:
1. the asymptotic approach [16],
2. multiaxial fatigue approaches [12, 13, 17].
5.3.1 Asymptotic approach
As previously introduced the ﬂat and rounded geometry pressure distribution can be characterized by
the inner asymptote (bounded) and the outer asymptote (singular). According to this approach, the
generalized stress intensity factors K∗I and K
∗
II can be deﬁned as the two parameters characterizing
the near edge contact pressure and shear traction distributions: p(r) = K∗I
√
r, q(r) = 2/c K∗II
√
r,
where r is the local coordinate starting from the edge of contact and c is the slip length. The two
parameters completely measure the “strength” of the inner asymptote, either in terms of contact
pressure and shear traction. The use of parameters (K∗I , ΔK∗II) is a very elegant way to fully
characterize the fretting condition provided that slip length c is inside the round portion of contact.
However, in the present fretting conﬁguration, bulk stress cycles experiences large cyclic amplitude
and the ﬁllet radius is small, then the slip region is well extended inside the ﬂat portion of the
contact. Due to the large slip length inside the ﬂat portion, the hot-spot is in the same condition with
respect to the full sliding, in terms of stress distribution history. Indeed the stick/slip transition is
far, then there is a portion of the cycle when the distribution of the shear traction equals the contact
pressure distribution times the coefﬁcient of friction, on a length which can be assumed larger than
the fretting process zone at the hot spot, Fig.5.4. The only difference with full sliding is that the
slip per cycle is still of the order of microns (while in a full sliding conﬁguration can be indeﬁnitely
larger). In this case of fretting the local solution (stress distribution history and slip history) can not
completely characterized by parameters K∗I , ΔK∗II [16]. Therefore a generic multi-axial approach
seems more promising.
5.3.2 Multiaxial fatigue approaches
An effective, and recent, example of multi-axial approach in FF is the work by Arau´jo and Nowell
[12] proposing the use of the Fatemi–Socie (FS) critical plane approach. Only one stress parameter
is considered, however the suggested averaging procedure allows for a correct interpretation of
the size effect, particularly important in the FF problem where stress gradient is very high and the
stress peak value would lead to very large underestimation of the fatigue strength.
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A similar approach, recently proposed by Arau´jo et al. [13], is followed here. Basically it is the
application of the Theory of Critical Distance (TCD) [18, 19], to the FF problem. The Point Method
(PM) of the TCD provides a material related length L to properly take into account the size effect.
L =
1
π
(
ΔKth
Δσ∞
)2
(5.1)
where ΔKth is the stress intensity factor threshold range and Δσ∞ is the plain specimen stress
fatigue limit range, both obtained at fully reversed condition R =−1.
Multiaxial stress state is taken into account through the use of the Modiﬁed Who¨hler Curve Method
(MWCM) [20] combined with the PM [21]. Following this approach, the stress state history is
recorded at the depth of L/2 below the FF hot spot, Fig.5.5.
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Figure 5.5: Point method requires stresses evaluated at the position B, L/2 in depth from the hot
spot, point A. Critical plane orientation is the one experiencing maximum shear amplitude during
cyclic bending and it is deﬁned by two angles φ ∗,θ ∗.
The equivalent shear stress amplitude (proposed by the MWCM) τeqa is:
τeqa = τa(φ
∗,θ ∗)+
(
τ∞− σ∞2
)
ρ(φ ∗,θ ∗) (5.2)
where the angles φ , θ deﬁne a generic plane orientation and φ ∗, θ ∗ deﬁne the plane experiencing
the maximum shear amplitude τa, Fig.5.5. The multi-axial load ratio ρ is deﬁned as ρ = σn,max/τa,
where σn,max is the maximum (during time history) normal stress acting on the φ ∗, θ ∗ plane [20].
Material parameters τ∞, σ∞ are torsional and axial loading fatigue limits. Therefore the stress
parameter τeqa can be interpreted as a torsion equivalent shear stress, then the fatigue limit is deﬁned
by the condition:
τeqa ≤ τ∞ (5.3)
74 Fretting fatigue of aluminum alloy in contact with steel
at the same probability as τ∞ and σ∞ are experimentally deﬁned.
The MWCM is formulated also to predict the fatigue ﬁnite life other than the fatigue limit. Indeed
it is possible to ﬁnd the slope κ through a linear interpolation of (at least) two plain specimen S-N
curve slopes, with different load ratios ρ: κ1 = κ(ρ1) and κ2 = κ(ρ2). More than two S-N curves
could improve the accuracy, by ﬁtting a linear trend between slope κ and load ratio ρ . It is also
possible to calibrate parameters (τ∞−σ∞/2) and τ∞ just applying the model at two plain specimen
S-N curves.
As shown after, fatigue axial testing at R = −1 (ρ1 = 1) and at R = 0 (ρ2 = 2) were considered,
only. Parameters τ∞, σ∞ and κ1, κ2 were found easily.
The use of the MWCM, combined with the PM, offers some advantages, for the application here
proposed:
• experimental material parameters can be easily obtained from small specimen standard tests,
for example the critical distance: L can be deduced just by processing results on notched
specimens (as suggested in Ref. [22]), without the need of ﬁnding ΔKth experimentally;
• friction contact analysis with linear elastic materials can be post-processed at least through
FE analysis easily;
• fatigue life can be also considered through the MWCM.
5.3.3 Introduction of a slip parameter
It is well known that the fretting phenomenon can be classiﬁed as fretting fatigue and fretting wear,
as shown in Fig.5.6, after Vingsbo and So¨derberg [23]. Sometimes the two ﬁelds of Fig.5.6, are
classiﬁed as partial slip (or mixed stick and slip) and gross (or full) slip (for example in Ref. [24]).
However by classifying as partial vs. gross slip, the geometry is also involved (especially the ﬁllet
radius), while fretting fatigue vs. wear is more closely related to tribology.
The present conﬁguration is partial slip. The slip amplitude is around 2-10 μm (results are shown
later) therefore the condition of fretting fatigue is the case to be considered.
The interpretation of Fig.5.6 has been discussed extensively. Initially the high sensitive to slip
amplitude suggested the use of slip parameters (or damage parameters) to fully capture the fretting
fatigue, as the one deﬁned by Ruiz (maximum shear traction times slip amplitude) [25]. Recently
slip parameters are in disuse since they are considered empirical, indeed their physical basis is
unclear [10, 24]. More recently stress related approaches are preferred and the fretting fatigue slip
sensitivity is considered to be simply a consequence of local higher shear stress which is in turn
the actual reason of the fatigue crack nucleation. Anyway following this approach the fatigue life
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Figure 5.6: Fretting fatigue distinguished from fretting wear. Low slip amplitude encourages the
nucleation of cracks, while at higher slip, embryo cracks are etched due to the large amount of
material removal.
increase in the wear regime seems controversial. It is commonly accepted that in the wear regime
‘embryo’ cracks are removed before they can start to propagate, due to the large slip.
An important contribution about the present debate was recently introduced by Ding et al. [26]
proposing the application of a FE wear model allowing for contact proﬁle modiﬁcation monitoring.
Ding et al. were able to distinguish the partial slip regime to the gross slip regime, they noted that
in both cases the contact proﬁles experience signiﬁcant modiﬁcation, but in the gross slip regime
material removal is so large that contact is reduced to a more conforming contact conﬁguration and
this could be the explanation of the fatigue life increase in the wear regime. On the contrary stress
severity is exacerbated in the partial slip regime, due to worse contact conformity after some wear
non uniformly distributed, and this can be the explanation of fatigue life reduction in the fretting
fatigue regime. Very recently Ding et al. [17] introduced a modiﬁed multiaxial SWT parameter
including a correction which is function of the Ruiz parameter.
Similarly in the present study it is suggested to admit a slip parameter to be considered in combina-
tion of the the TCD/MWCM stress parameter. Instead of formulating a combined fretting–multiaxial
fatigue parameter, a bi–parameters map is simply proposed and a fatigue limit is delimited on this
map, based on available experimental results. Deeper physical interpretation of the fretting fatigue
phenomenon is not attempted here. The slip parameter here considered is simply the slip amplitude
sa at the end of contact r = 0 (Fig.5.4) where the slip amplitude is maximum. Full scale test results
are reported on the proposed bi–parameters map: stress parameter τeqa and slip parameter sa.
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5.4 Results of the fretting model
5.4.1 Determination of TCD/MWCM material parameters
Drill pipes are produced through warm extrusion, therefore small specimens, to determine fatigue
properties were easily obtained along the extrusion direction, while compact test specimens were
difﬁcult to be extracted since the thickness of the pipe is limited.
Therefore the critical distance L was available only through comparison between notched specimens,
tested in axial loading at R = −1, and plain specimen tested in axial loading at R = −1. Stress
distributions (FE simulation) along notch bisector is shown in Fig.5.7, the external load applied is
equal to the fatigue limit for each notched geometry. The point where the stress distribution meet
the plain specimen fatigue limit is half the critical distance L, according to the PM of the TCD.
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Figure 5.7: Critical distance esteem through three notched specimen series.
It was found that the critical distance of the material is L = 0.5 mm. The scatter obtained is
relatively small, Fig.5.7.
The large value of L could seem surprising, but this aluminum alloy showed large amount of
inclusions in its structure (as suggested by high contents of Fe and Si). Similarly to gray cast
iron, the internally ﬂawed structure leads to low fatigue limit, large fatigue scatter, but low notch
sensitivity which can be translated in large critical distance [27].
Plain specimen axial loading at R =−1 resulted in σ∞ = 135 MPa (Δσ∞ = 270 MPa) considering
the fatigue limit at 20×106, therefore the threshold stress intensity factor can be deduced: ΔKth =
10.7 MPa m1/2 (R =−1).
MWCM parameters were obtained by means of two fatigue series, Fig.5.8:
• plain specimen, axial loading, R =−1, ρ1 = 1, obtaining σ∞,1 = σ∞ = 135 MPa, κ1 = 11.3;
• plain specimen, axial loading, R = 0, ρ2 = 2, obtaining σ∞,2 = 127 MPa, κ2 = 41.2.
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The very high value of the κ2 means that the S-N curve is almost ﬂat, as shown in Fig.5.8.
0
50
100
150
200
250
300
R = -1
R = -1, fit
R = 0
R = 0, fit
104 105 106 107 108
11/
f
,1 e
N
N
?
?
?
?
?
? ?
? ? ?
? ?
21/
f
,2 e
N
N
?
?
?
?
?
? ?
? ? ?
? ?St
re
ss
 a
m
pl
itu
de
, ?
[ M
Pa
]
Number of cycles to failure, Nf
Figure 5.8: Plain specimen testing at R = −1 and R = 0, very strong slope changing can be
observed.
From these experimental results, according to the MWCM, it follows that τ∞ = 71.5 MPa (not very
far from the von Mises criterion: τ∞ ≈ σ∞/
√
3 = 77.9 MPa).
For a generic loading condition the slope κ can be found as linear interpolation of the load ratio ρ :
κ(ρ) = κ1 +
κ2−κ1
ρ2−ρ1 (ρ−ρ1) (5.4)
The slope κ is very sensitive to load ratio ρ for the material here considered, since κ1 and κ2 are
quite dissimilar.
5.4.2 Finite element contact friction simulation
As already discussed, FE simulations were required to solve the contact problem, even though some
features of the solution are available theoretically. To avoid cumbersome analysis, submodeling
technique was applied. Then each load case was split into two simulation steps:
1. the component loaded by radial interference and external bending σ0 (with a 2D harmonic
model);
2. detailed local 2D plane strain submodel, loaded by displacements deduced from the global
model previously solved.
The tubular connection is an axial-symmetry geometry (neglecting the thread helical angle, as-
suming thread as multiple rings). The radial interference could easily be modeled performing an
axial symmetry analysis. To model tubular connection under bending it was possible to perform an
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analysis with axisymmetric harmonic elements [28]. Following this way a heavy 3D analysis was
not required, Fig.5.9(a).
A local and ﬁner submodel was created and displacements at the submodel boundaries obtained by
interpolation from the global model solution previously obtained, Fig.5.9(b).
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Figure 5.9: (a) Portion of the global model. By modeling the component it is easy to impose
radial interference and bending load σ0. (b) Finer submodel, it is evident the degree of reﬁnement
required to properly simulate the high stress gradient at the contact hot spot.
Loads P, Q and σb are not imposed directly, but they result after imposing the displacements at
the boundaries of the submodel. More details about the use of the submodel technique in contact
simulations with FE are provided in Ref.[29]. The submodel is performed under plane strain
condition, assuming that it is a good approximation of the local stress state, as previously discussed.
Displacements due to the interference were merged with displacements due to cyclic bending. The
bending cycle was divided into 20 load steps.
The global model can feature closed gap instead of contact elements (keeping the analysis linear),
tensile stress (instead of compressive) could appear if the contact would be opening, leading to bad
contact simulation, but the present is not the case, since radial interference is enough to guarantee
closed contacts everywhere. Contact friction analysis was performed on the ﬁner submodel.
Coefﬁcient of friction f = 0.75 was considered in the analysis since it is a typical value in fretting
with aluminum alloys1 (see for example Ref. [13]). Unfortunately coefﬁcient of friction is reason
of uncertainty of the procedure here shown and at the present state of research it was not possible
to have a better esteem of it through laboratory experiment tests (for example as suggested in Ref.
[14]). Motivation of this high value of f is that surface modiﬁcation during fretting can lead to
friction increase [30], however the effective coefﬁcient of friction is strongly related to materials in
contact and to the level of slip, while it is not very sensitive to the initial state of the surface before
1Obviously the coefﬁcient of friction depends on the material combination, f = 0.75 is a typical value for aluminum
in contact with aluminum. Reliable data for fretting coefﬁcient of friction between steel and aluminum was not found in
literature by the author.
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fretting.
5.4.3 Stress parameter results
The point method requires the calculation of the stresses history at L/2 depth, point B of Fig.5.5.
The orientation of the critical plane is perpendicular the plane of the problem for symmetry reason,
then only one angle θ ∗ is required to deﬁne the critical plane. In Fig.5.10(a) the time history of
stresses at position B are reported, for a bending loading σ0 = 50 MPa, at the Box side of the
connection (chamfer angle 18◦, Fig.5.2).
Stress components are slightly not proportional at this depth, Fig.5.10(a). Stresses τa and σn,max are
shown in Fig.5.10(b) as function of θ coordinate.
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Figure 5.10: (a) Stresses time history at L/2 below the hot spot (point B). (b) Polar presentation
of τa and σn,max at L/2 below the hot spot (point B). The critical plane is deﬁned by the angle θ ∗
experiencing maximum τa.
Obviously the period of function τa(θ) is π/2, while the period of function σn,max(θ) is π , then
there are two orientations where τa is maximum, the one experiencing higher σn,max is the critical
plane. For the present load θ ∗ = 32.4◦ at L/2 depth from the hot spot.
To have an idea of the (multiaxial) stress gradient near the hot spot, Fig.5.11 shows stresses time
history and polar function of τa and σn,max at the hot spot, point A of Fig.5.5.
It is possible to see that stress τa changes steeply from point A to B, and σn,max is fully compressive
at point A, while it is tensile at point B. Critical plane orientation change very much, from almost
vertical to more than 30◦.
By computing von Mises equivalent stress, at the hot spot point A, during stress time history of
Fig.5.11(a), it follows that the equivalent stress is always lower than the yield strength, during
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Figure 5.11: (a) Stresses time history at the hot spot. (b) Polar presentation of τa and σn,max at the
hot spot. The critical plane is deﬁned by the angle θ ∗ experiencing maximum τa.
bending (at σ0 = 50 MPa), at least accordingly to solid elastic mechanics, even though a large
coefﬁcient of friction f = 0.75 was considered in the model.
5.4.4 Slip parameter results
As discussed before the slip amplitude is considered along with the multiaxial stress.
Fig.5.12(a) shows the slip distribution s along the contact (coordinate r) deﬁned as the difference
between the relative position at a generic time and the relative position when the radial interference
is applied before bending. Slip at the position r = 0 (termed as s0) is shown in Fig.5.12(b), along
with maximum pressure ﬂuctuation during time. Time steps used in Fig.5.12 are deﬁned in Fig.5.5.
The slip amplitude sa is half the range of s0 during time.
The slip length due to the ﬁrst application of bending, from time 0, when radial interference is
applied before bending, to time 1 when bending experiences its ﬁrst reversal, is about 6.0 mm
(for the present load) and it is somewhat different to the cyclic slip length c which is less than 4.0
mm, Fig.5.12(a). From Fig.5.12(b) it is clear how the pressure changes signiﬁcantly during the
cycle. Due to the contact pressure changing it follows that the slip trend from time 1 to 2 is not just
reversed as compared to slip from time 2 to 3. Indeed in the ﬁrst half of the cycle (from time 1 to 2)
the more compression, after the reversal, generates slip start retardation in comparison to the next
half (from time 2 to 3).
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Figure 5.12: (a) Slip distribution along contact coordinate r, during time steps. (b) Slip s0 and
maximum pressure pmax, during time steps.
5.4.5 Interpretation of full scale test results
Parameters τeqa and sa found for each full scale test, Fig.5.13. As shown in Fig.5.2, two critical
locations are present at the two connection sides. These two locations are here referred as Pin
and Box, the only difference is the chamfer angle which is smaller for the Box side, Fig.5.2. It is
evident that the stress parameter is slightly higher for the Pin side as compared to the Box which
features a less severe chamfer. Opposite trend can be observed about the slip amplitude.
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Figure 5.13: (a) Stress parameter τeqa at the two sides of the connection. (b) Slip amplitude sa at the
two sides of the connection.
From the knowledge of τa and ρ , at the PM location, the MWCM produced the fatigue life
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prediction, reported in Fig.5.14.
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Figure 5.14: Fretting fatigue ﬁnite life, test results vs. TCD/MWCM model.
About results of Fig.5.14 some remarks are needed:
• since the stress level is higher for the Pin side, Fig.5.13(a), the fatigue life predicted is lower,
but opposite trend was observed from experiment tests, since failures were obtained at the
Box side only;
• the lower stress is compensated by the higher slip (according to the thesis of the present
study), which is higher for the Box side, Fig.5.13(b);
• therefore the TCD/MWCM itself leads to a counter conservative esteem of the fatigue life,
since slip plays a further damaging role which the multiaxial criterion is insensitive to.
The bi–parameters map (stress–slip) is reported in Fig.5.15. All full scale tests are reported on the
map according to their τeqa and sa coordinates.
A ‘generalized fatigue limit’ (at 20×106 cycles) is eventually deduced by imposing two conditions:
1. the fatigue limit of the plain specimen at the condition of no slip, i.e. at sa = 0.0 μm
coordinate of the map;
2. the full scale tests fatigue limit, corresponding to the Box side loaded at σ0 = 50 MPa.
A linear limit was simply drawn between these two points, however there is no reason for the
generalized fatigue limit to be exactly linear, anyway it is the simplest choice if only two points are
known. Both points are deﬁned at (50% of probability), in particular for the Box side loaded at
σ0 = 50 MPa only two tests were available (one failure, one run out). Unfurtately producing many
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Figure 5.15: Stress–slip map. The generalized fatigue limit is deduced, from the knowledge of the
plain specimen fatigue limit (no slip) and the full scale fatigue limit.
tests on the present components was too demanding. A clear result of Fig.5.15 is that the Pin side
(experiencing no failure) appears in safer condition with respect to the Box side (experiencing all
failures), either at the fatigue limit and for higher loads too, as emphasized by the dashed lines of
Fig.5.15, assuming same slope in the ﬁnite life regime.
5.5 Discussion
The use of TCD/MWCM stress amplitude parameter τeqa along with the slip parameter sa offers a
good correlating tool to rationalize fretting fatigue tests, for partial slip condition. Indeed it was
possible to identify the worse between two similar conﬁgurations, as shown in Fig.5.15 (even
though with little margin) in agreement with experimental evidence of full scale tests.
It is remarkable that in the case of small slip the TCD/MWCM showed good results without the need
of a further slip related parameter, as well documented in Ref. [13], then the present study offers an
extension of this model for larger slip. For the fretting case, where slip is conﬁned in the round
portion of the contact, the use of K∗I and ΔK∗II is already a satisfactory tool to characterize fretting,
since a slip related parameter is intrinsically embedded in ΔK∗II. Indeed it is possible to decouple
them in ΔK∗II and c, that can be interpreted as a stress parameter and a slip parameter. The parameter
proposed by Ding et al. [17] offers many similarities, indeed the multiaxial SWT parameter was
used and a correction provided according to fretting Ruiz parameter, but no consideration was
provided to take into account the size effect, since the peak value was simply considered.
Obviously, the use of the here deﬁned map requires standard material fatigue tests but fretting tests
too. An advice is to take tests with slip amplitude near to that of the actual components, since
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the linear extrapolation may not be reliable if tests to calibrate the map and actual components
conditions are quite dissimilar.
The use of the term ‘fatigue limit’ is questionable here, and should be replaced with ‘fatigue
endurance’ up to a certain number of cycles (Ne = 20×106 for the present application). Indeed
the arrest of the fretting phenomenon was not investigated, moreover aluminum alloys are typical
examples of materials that do not show a clear fatigue limit.
The little accuracy about the knowledge of the coefﬁcient of friction is not so restrictive, if
the present map is considered. Indeed the here suggested use of phenomenological correlating
parameters, compensate (at least partly) the ignorance of it. For example imposing lower f in the
model than the actual value, produces lower shear stress but it also produces higher slip, and vice
versa imposing higher f . Thus fretting tests, once reported on the stress–slip map, have a scatter
(due to friction coefﬁcient uncertainty) that follows the trend of the generalized fatigue limit (higher
slip, lower stress) then its deﬁnition appears more robust.
More investigation is still required particularly about the consistency of the slip parameter sa in
terms of capturing the fretting conﬁguration in conjunction with TCD/MWCM τeqa parameter.
Furthermore the generalized fatigue limit is not necessarily linear, especially for large slip where
the transition from fretting fatigue to fretting wear has opposite trend with respect to that in the
fretting fatigue regime.
5.6 Summary
• A stress–slip map is here proposed to interpret fretting fatigue full scale tests on aluminum
drill pipe to steel connections.
• Two different conﬁgurations were compared, and the map was able to identify the worse in
agreement with experimental evidence.
• By dedicated tests, for a given combination of materials, it is also possible to produce the
map, avoiding expensive (and time consuming) full scale tests.
• The scope of the present fretting correlating parameters is the partial slip condition with
slip extended in the ﬂat portion of contact, in this case the slip amplitude is not completely
embedded in the stress parameter.
• Process volume under multiaxial fatigue, assisted by surface fretting damaging, is the physical
basis behind the deﬁnition of the two parameters for the map.
• The use of the present map is an effective tool for evaluating proposals of design modiﬁcations
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to improve fatigue performance of the connection, for example the role of grooves, on the
aluminum cylindrical surface, near the hot spot, or modiﬁcation of the steel wall thickness,
or modiﬁcation of the aluminum pipe wall thickness.
• Standard fatigue material data are needed, along with fretting test results, to distinguish the
surface damaging role of slip.
• Cumbersome friction contact simulations can be limited to a small portion of the model,
through the submodeling technique. Already existing models of the whole structure can
be exploited as global models for the ﬁrst simulation step, after it is possible to interpolate
displacements to be used as submodel input.
• Obviously more data would be required to better deﬁne the generalized fatigue limit. To
pursue this task, small scale fretting tests can be performed avoiding demanding full scale
tests.
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Chapter 6
Test rig for tensile and torsion static
tests on ADP–STJ connections
The present chapter proposes the design and manufacture of a dedicated test rig for static tests on
ADP–STJ connections, loaded by torsion, axial load and combined loads, up to failure. At the
present time, the test rig has been manufactured, but no test has been performed yet.
6.1 Technical speciﬁcation for the test rig
6.1.1 Connections to test
The test rig for static tensile and torsion, was designed in order to perform tests on two different
kinds of connection:
1. Aluminum ADP–STJ connection.
• Body pipe: Outer Diameter OD = 147 mm;
• Body pipe: Inner Diameter ID = 121 mm;
• Upset area: Outer Diameter OD = 147 mm;
• Upset area: Inner Diameter ID = 107 mm;
• Aluminum alloy yield strength (Group II, standard ISO 15546, [1]);
• Steel tool joint: Outer Diameter OD = 178 mm;
• Steel tool joint: Inner Diameter ID = 101 mm;
• Connection type: trapezoidal conical thread DTT138 [2], thread free conical portion;
• Nominal diametrical interference: Dint = 0.35 mm;
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• Make–up operation: cold assembly with lubricating compound;
• Make–up torque: TMU = 35000 ft-pd = 47.44 kN m.
2. Steel Drill Pipe to ToughmetTM Tool Joint (SDP–TTJ) connection.
• Body pipe: Outer Diameter OD = 139.7 mm (5-1/2”);
• Body pipe: Inner Diameter ID = 118.6 mm;
• Upset area: Outer Diameter OD = 139.7 mm;
• Upset area: Inner Diameter ID = 98.4 mm;
• Steel yield strength (minimum, [3], Grade S135): Sy = 930 MPa;
• ToughmetTM tool joint: Outer Diameter OD = 177.8 mm;
• ToughmetTM tool joint: Inner Diameter ID = 101.6 mm;
• Connection type: conical thread 5-1/2” FH [4], rotary shoulder connection;
• Make–up operation: to be deﬁned;
• Make–up torque: to be deﬁned;
• Minimum estimated tensile strength 3 990 kN (according to standard [3]1);
• Minimum estimated torsional strength 138 kN m (according to standard [3]2).
About aluminum drill pipe the standard [1] do not provide any recommendation about minimum
tensile or torsion strength.
To get an esteem of the strength, the pipe body cross section is considered:
• ADP upset section static strength = 2 680 kN;
• ADP upset section torsional strength = 112 kN m.
Moreover a partial experimental esteem of the torsion strength of the connection is available by
break out tests performed during the characterization of the cold assembly procedure. As reported
in a previous chapter the ADP–STJ break–out torque is usually higher than 90 kN m (the equipment
used was not able to produce higher torque).
The aim of the full scale testing, on both conﬁgurations, is to check if the strength of the connection
is higher than the strength of the body pipe section. The strength of the body pipe is evaluated
1Obtained as the load to produce the minimum Sy (for Grade S135) at the cross section of the body pipe.
2Obtained as the torque to produce the minimum 0.577 Sy (for Grade S135) as torsional shear stress at the cross
section of the body pipe.
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through simple (and quite reliable) calculations, according to the beam theory. While for the
connections the failure mode is not completely known (in particular for aluminum drill pipe) and
the friction plays a very important role, that is very difﬁcult to be predicted through modeling, or
simulations, instead of testing.
6.1.2 Requirements for the test rig
To be able to test both connections with the same test rig some requirements need to be imposed.
1. Loads:
• tensile load up to 5 000 kN (510 ton);
• torsion torque up to 150 kN m (110.7 ft-pd).
2. Dimensions:
• minimum internal diameter of the connection 95 mm;
• minimum length of the connection free portion of the specimen greater than 1.0 times
the outside diameter of the upset area.
In terms of measurements, to control the test and interpret the results, it is required:
1. tensile load and torsion torque monitoring during the whole test, through strain gauge
measurements on the connection free portion of the specimen;
2. relative displacements (axial and angular) monitoring during the whole test, between one
side and the other of the connection.
Testing modes:
1. pure tensile load, if failure is not obtained up to the limit of the test rig, the test is considered
successful since the information obtained is that the strength of the connection is fairly higher
than that of the body pipe;
2. pure torsion torque, if failure is not obtained up to the limit of the test rig, the test is considered
successful since the information obtained is that the strength of the connection is fairly higher
than that of the body pipe;
3. combined tensile and torsion:
• application of the tensile load up to a certain fraction of the tensile strength, of the
connection, previously obtained (or of the test rig limit if no failure was previously
obtained) then application of the torsion torque up to failure, or up the the test rig limit;
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• application of the torsion torque up to a certain fraction of the torsion strength, of the
connection, previously obtained (or of the test rig limit if no failure was previously
obtained) then application of the axial load up to failure, or up the the test rig limit.
Environment:
• large range of room temperature can be accepted: 0 ◦C – 50 ◦C;
• the moisture is not considered effective on the test result.
6.2 Guidelines to the design
Since loads are very high, particularly for tensile, some guidelines were needed to be considered:
1. do not transfer the load, on the specimen, through any friction grip device, while shouldered
contact is considered much reliable;
2. avoid bending conﬁgurations, then keep the load paths as narrow as possible;
3. decouple the load path for tensile load from that for torsion, particularly important to perform
combined tests;
4. prearrange a frame ﬂexible enough to recover large amount of elastic energy, which is released
when the connection failures, to avoid any peak stress on the test rig structure;
5. keep the weight of each single component below 5.0 tons, to handle with relative easiness;
6. predispose the test rig to safely operate for people nearby.
With particular reference to requirement number 2, it was decided that the axial load was to be
applied through a rod inside the hollow shape of the specimen. The rod is in compression to put the
specimen in tensile condition.
6.3 Modiﬁcations on the design of tool joints
Tool joint to be used for tests, need to satisfy two requirements:
1. offer one side to allow the connection of the pipe, with same geometry of the real component
(same dimensions and same details);
2. offer surfaces to transfer the loads, either for tensile and for torsion;
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Figure 6.1: Specimen bottom tool joint.
3. to allow the compression rod one tool joint is hollow, while the other need to offer a stop
face for the rod.
The two tool joints are therefore not equal.
In the following the tool joints are reported (only for the ADP–STJ connection).
The bottom tool joint is open and its design is reported in Fig.6.1
While the up tool joint is closed ans its design is reported in Fig.6.2
Finally the design of the specimen is reported in Fig.6.3, which is entirely drawn from the upset
area (tests are conﬁned to the connection and not the body pipe).
The load paths (tensile and torsion) are depicted in Fig.6.4 along with the deﬁnition of the two
connections: U (upper) and B (bottom). The two connections have same geometry3, and they are
loaded in the same way. Then no preferential failure side should appear.
3It is possible to reproduce, on the two connections of the specimen, the small differences between the Pin and Box
side of the current ADP design: thread free tool joint chamfer angle, and thread geometry [1]. However very little effect
is expected in terms of static performances.
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Figure 6.2: Specimen up tool joint.
Figure 6.3: Specimen ADP upset area.
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Figure 6.4: Tensile and torsion load paths on the specimen.
6.4 Hydraulic actuators
Actuators selected to generate axial load and torsion torque were retrieved from civil engineering,
to get the required tonnage.
• Axial: ENERPACTM, model CLSG80012. Maximum push force: 800 ton (≈ 8000 kN).
• Torsion: ENERPACTM, model BRP606. Maximum pull force: 60 ton (≈ 600 kN). The
couple conﬁguration (explained after) offer a lever arm of 830 mm, then then maximum
torque is ≈ 500 kN m.
Large oversize of the actuators was required to guarantee good performance during the transition
when the specimen failure happens.
6.4.1 Hydraulic actuators conﬁgurations
The conﬁguration to produce tensile load is reported in Fig.6.6(a). The conﬁguration to produce
torsion torque is reported in Fig.6.6(b).
With this conﬁguration tensile load can be produced only (not compression).
The load limit is the compression rod that can failure in a plastic–buckling mode. The design safety
factor is ≈ 1.3.
It is remarkable that the actuators can produce pull action only, but the symmetric conﬁguration
allows for the inversion of the torque on the tested connections. Then either break out and over
96 Test rig for tensile and torsion static tests on ADP–STJ connections
60°
H
J
K
B
A
L
F
U
V
Z
D
E3/8"-
18NPTF
M
DN
3/8"-
18NPTF
A
B
L
T
E
J
M50 x 3
(a) (b)
Figure 6.5: (a) Hydraulic actuator for axial load. (b) Hydraulic actuator for torsional load.
torque tests can be performed at the same torque level.
The load limit is the bolted connection between the plate and the external cylindrical member
outside the specimen. The design safety factor is ≈ 1.3.
6.5 External frame
The external frame to prop the test rig is reported in Fig.6.7.
Moreover the external frame is designed to recover the test rig during after break transients, either
in tensile and in torsion. Indeed the frame is ﬂexible enough allow large deﬂection without peak
stress on the test rig structure.
6.6 State of the project
At the present, the test rig equipment is manufactured and then ready to be used at Pisa university
mechanical department.
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Chapter 7
Fretting fatigue apparatus for
shrink–ﬁtted shaft assembly
Results reported in the present chapter were recently published in Applied Mechanics and Materials
– Scientiﬁc.Net [1].
The shrink–ﬁtted shaft conﬁguration is a common mechanical assembly. In particular, it is used
in a this design of ADP–STJ connection, widely investigated here. Experimental tests on full
scale components, performed at Pisa university mechanical department were recently proposed [2]
along with their interpretation [3]. Full scale testing is obviously the most reliable tool to assess
fatigue performance of a component, however full scale tests on drill pipe connections are quite
expensive and time consuming. Small scale fretting tests on shrink–ﬁtted geometries are, therefore,
advantageous to reduce test time and costs. Moreover, different materials combinations or different
surface treatments, can easily be tested instead of having to prototype.
Testing apparatae, dedicated to fretting fatigue, are described in Ref.[4]. Flat and rounded contact
fretting can be performed through bridge type tests. However, some limitations in terms of contact
characterization arise [4], then cylindrical pad testing is more common [5]. Cylindrical pad test
reproduces the uniform curvature inside the contact region (Hertz solution). Flat pads with rounded
edges can be tested as well [6] but the pad tilting need to be carefully considered when experimental
results are interpreted.
In the present test conﬁguration the fretting pad is replaced by a conical hub, while the shaft inside
is the fretting test specimen. The ﬂat and rounded fretting contact is tested with an apparatus
simpler than the cylindrical pad tests and more similar to the component for which the tests are
intended. The rotating bending stress amplitude is imposed through an eccentric device driven by a
motor, allowing high frequency tests to be easily obtained (about 50 Hz). Fretting fatigue tests are
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usually very long. Actually fretting fatigue does not show a true ‘fatigue limit’, as that commonly
found in low or medium carbon steels, under monoaxial loading. Thus it is more realistic to talk
about the ‘endurance limit’ for a very long number of cycles, instead of the ‘fatigue limit’. For the
present test rig the endurance limit is set at 20×106 cycles, which is valid for drilling technology.
It can be argued that this limit would not be high enough for a different application, dominated by
higher frequency vibrations.
Notation
rc Edge of contact radius.
eb Imposed bending eccentricity.
ωn n–th specimen natural frequency, as angular speed.
fn n–th specimen natural frequency.
E Material Young’s modulus.
ν Poisson’s ratio.
D Specimen round bar diameter.
Dext Hub external diameter.
A Cross section area.
I Cross section second moment of area.
Ls Specimen length.
ρ Material density.
λn n–th specimen natural mode factor.
pr Radial pressure.
σb Bending stress.
εb Bending strain.
εθ Hoop strain.
SGb Strain gauge for bending stress.
SGp Strain gauge for radial pressure.
l1, l2 Strain gauges distances from fretting hot spot.
θ , φ Angles deﬁning the generic plane orientation.
θ ∗,φ ∗ Angles deﬁning the critical plane orientation.
τa Shear stress amplitude acting on the critical plane.
σn,max Maximum normal stress acting on the critical plane.
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ρ Multiaxial load ratio, ρ = σn,max/τa.
τeqa Equivalent torsion stress, according to MWCM.
L Material critical distance.
R Monoaxial load ratio.
Δσ∞ Axial stress fatigue limit range.
ΔKth Threshold stress intensity factor range.
s Slip along the contact coordinate r, during time.
sa Slip amplitude, at the edge of contact r = 0.
7.1 Description of the apparatus
The specimen of the here proposed fretting test apparatus is the Shaft, which is shrink ﬁtted into the
Hub, Fig.7.1.
50 mm
rc =
2 mm
?b
pr
Flange
NutShaft
(specimen)
Hub
~1°
Flat and rounded contact
pr
?b
0 Time
Figure 7.1: Details of the fretting apparatus, main dimensions and loading parameters.
At the other end of the shaft an eccentric device is mounted, Fig.7.2.
When the eccentric device is spun, rotating bending stress is imposed on the shaft, inducing fretting
fatigue at the ﬂat and rounded contact between the hub and the shaft. The present design of the
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Figure 7.2: Specimen deﬂection, obtained imposing a rotating eccentricity at the end of the
specimen.
apparatus is for a shaft of 50 mm in diameter and contact radius of 2 mm. The material of the shaft
is high strength aluminum alloy AA 7075 – T6 and of the hub is quenched and tempered steel AISI
4340.
Bending stress amplitude can be related to the eccentricity, considering the cantilever beam static
model. However, running the test at elevated speed the cantilever beam dynamic model needs to
be considered. The resonance condition of the system can be exploited, indeed by driving the
rotating eccentric device near to its ﬁrst natural frequency, the force required to bend the specimen
is reduced.
Cantilever beam natural frequencies fn = ωn/(2π) are given by [7]:
ωn = λ 2n
√
EI
ρA
, n = 1,2, . . . (7.1)
where E is the young modulus of the material, ρ is the density, I is the second moment of area, A is
the cross section area, and λn are:
λ1Ls = 1.875,λ2Ls = 4.694,λ3Ls = 7.855,λnLs ≈ (n−0.5)π for n≥ 4 (7.2)
where Ls is the beam length. Only the ﬁrst natural frequency f1 = ω1/(2π) is of interest. The
length is therefore designed in order to have a ﬁrst natural frequency close to 50 Hz, which can be
easily sustained by an electric motor.
Considering an aluminum alloy: E = 73000 MPa; ρ = 2700 kg m−3; a cross section diameter
D = 50 mm and length Ls = 900 mm, the ﬁrst natural frequency is f1 = 44.9 Hz.
Test stress parameters, are (Fig. 1):
• radial pressure pr, at the conical contact surface;
• bending stress amplitude σb, at the shrink–ﬁtted section.
Radial pressure pr can be controlled by means of the nut behind the ﬂange, Fig.7.1. By tightening
the nut, due to the conical ﬁtting, the radial interference between the specimen and the hub is
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increased and then higher radial pressure is induced. Independently, the bending stress amplitude σb
can be controlled by means of the eccentricity eb imposed at the rotating eccentric device, Fig.7.2.
A screw system is used and the position of an equilibrating mass is also controlled to keep the rotor
dynamically equilibrated, otherwise excessive loads on bearings can arise.
Radial pressure pr and bending stress amplitude σb need to be accurately measured in order to
correlate fretting fatigue test results to stress parameters. Although relations, between the tightening
on the nut and radial pressure pr (Fig.7.1), or the imposed eccentricity eb and bending stress
amplitude σb (Fig.7.2), can be found, their expected accuracy is poor, especially for the radial
pressure pr at the conical interface, where friction plays an important role.
7.1.1 Stress measurements
To measure of radial pressure pr a strain gauge is mounted on the external surface of the hub with a
circumferential orientation, while a couple of strain gauges are mounted on the shaft (half bridge
conﬁguration) to measure the bending stress amplitude σb, Fig.7.3.
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l1 l2
 
 
(a) (b)
Figure 7.3: Layout of strain gauges to measure radial pressure pr and bending stress amplitude σb.
(a) Near to the fretting section stress concentration is expected. The strain gauge for radial pressure
has a circumferential orientation (SGp), while the strain gauges for bending stress amplitude have a
longitudinal orientation (SGb). (b) Half bridge conﬁguration for strain gauges SGb.
It is well known that strain gauge measurements can be accurate only if the surface strain ﬁeld is
uniform inside the strain gauge area. Thus stress concentrations regions have to be avoided, and
strain gauges SGb and SGp need to be placed far enough from the fretting section.
Signal εb, from bending strain gauge (SGb), can be easily related to bending stress amplitude σb
through the simple Navier equation:
σb = Eεb (7.3)
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A slight correction is required to take into account that the strain gauges couple SGb is placed at
distance l1 from the fretting section. Indeed, the bending moment at the SGb position is different
(lower) to that applied at the fretting section. A correction factor, between bending moment at
the fretting section and bending moment at the measure section, is then needed. The closed form
solution of the excited vibration can be obtained (here not reported for brevity) or alternatively
numerical ﬁnite elements (FE) analysis can be performed to ﬁnd the correction factor.
Signal εθ , from the circumferential strain gauge (SGp), can be related to radial pressure pr through
the Lame´ model [8]. The portion of the hub, in contact with the fretted specimen, can be considered
a pipe in plain strain condition, with applied internal pressure pr and null external pressure. At the
external surface Dext (where the SGp measures), according to the Lame´ model:
pr =
E
1−ν2
(
Dext
D
)2
−1
2
εθ (7.4)
Also Eq.7.4 needs a correction factor due to the inaccuracy of the plane strain hypothesis. Again a
FE simulation can be performed to ﬁnd the correction factor for Eq.7.4.
7.1.2 Start up procedure
Alignment of the specimen axis to the eccentric rotating device axis is the main reason of concern
during test start up. Due to the length of the specimen, good alignment is not easily obtained
through the tolerance chain. Therefore, the eccentric rotating device was designed to be mounted
on top of two cross guides, and a with screw system allows for calibrating its position. Before
starting the test, the bending signal is read from SGb strain gauges, imposing zero eccentricity εb.
The position of the guides are then corrected until the bending signal is zero. Later, the eccentricity
εb is corrected until the desired value of bending stress amplitude σb is obtained. Independently,
the nut behind the ﬂange (Fig.7.1) is tightened until strain gauge SGp reads the value expected
from Eq.7.4 to get the desired value of radial pressure pr.
7.2 Fretting parameters
From an engineering point of view, the main goal in fretting fatigue is to ﬁnd the smallest number
of parameters able to correlate the loading condition to the fretting endurance limit.
Several approaches were proposed in the past to ﬁnd the “best” choice of parameters, most of them
were semi–empirical. During recent years, deeper physical understanding of the fretting fatigue
has lead to new approaches. Among them, the Modiﬁed Who¨ler Curve Method (MWCM) applied
along with the critical distance Point Method (PM) offers many advantages [9]. It easily exploits
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FE results and standard fatigue properties are only required as calibrating parameters. This model
is a pure stress based approach, slip at the fretting interface is not considered.
In Ref.[3] the author of the present study has recently considered the possibility of extending the
MWCM–PM method, considering the slip amplitude as an independent damaging parameter. Then
a two parameters map was proposed to capture fretting fatigue test results.
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Figure 7.4: Fretting parameters. (a) Equivalent shear stress components at the Point Method (PM)
position. (b) Slip amplitude along the fretted interface, and maximum slip amplitude.
The stress parameter τeq, introduced in Ref.[9], is a multiaxial fatigue shear stress amplitude,
Fig.7.4(a):
τeq = τa(φ ∗,θ ∗)+
(
τ∞− σ∞2
) σn,max(φ ∗,θ ∗)
τa(φ ∗,θ ∗)
(7.5)
where: τa(φ ,θ) is the maximum amplitude of shear stress, on a generic plane deﬁned by two angles
(φ ,θ), and (φ ∗,θ ∗) is the plane experiencing the maximum shear amplitude a τa; σn,max(φ ∗,θ ∗) is
the maximum normal stress acting on the plane (φ ∗,θ ∗); τ∞, σ∞ are torsional and axial material
fatigue limit respectively. It is worth noting that shear stress amplitude is maximized on the
plane domain, while the normal stress, after selected the maximum shear stress amplitude plane, is
maximized on the time domain. This approach is a generic multiaxial fatigue criterion. Furthermore,
fretting fatigue is dominated by high gradient stress, generated by non conforming contact. The
stress gradient is taken into account through the point method, then stress history at L/2, in depth
from the contact edge, is considered. L is the critical distance of the material: L= 1/π(ΔKth/Δσ∞)2
in which either ΔKth and Δσ∞ are at load ratio R =−1 (then Δσ∞ = 2σ∞).
For each couple of initial mating points, the slip is the mutual relative position during cyclic loading.
Considering a coordinate r , starting from the edge of the contact, the slip amplitude function s(r)
106 Fretting fatigue apparatus for shrink–ﬁtted shaft assembly
can be deﬁned, Fig.7.4(b). The maximum amplitude sa is at the edge of the contact, sa = s(0).
Test series, increasing bending amplitude σb, can be performed at different imposed radial pressure
pr. For higher radial pressure the slip amplitude is lower, while on the contrary shear stress is
higher, Fig.7.5.
a [? ]s
eq
[ MPa ]
?
Low pr
High pr
Fatigue limit
?b
Run out
Failure
Figure 7.5: Stress–Slip fretting map.
By running several test series at different radial pressure levels it is possible to draw a fatigue limit
in the here proposed map. The assumption that fretting fatigue is only due to stress, implies that the
fatigue limit is simply an horizontal line, whereas if the slip has an independent damaging role, the
fatigue limit would show a descending slope. Then the possibility of controlling test stresses pr and
σb, independently, offers the possibility to observe the damaging effect of slip.
7.3 Summary
• A new apparatus was proposed for fretting fatigue tests on shrink–ﬁtted shaft assembly.
• The ﬁrst natural frequency of the specimen is exploited to facilitate the test.
• An electric motor is used to drive the eccentric device. The test can be performed at quite
high speeds (about 50 Hz), then ﬁrst natural frequency of the specimen needs to match the
rotating speed of the electric motor.
• Running tests at high frequency is very appreciated for fretting fatigue experiments.
• Radial pressure pr and bending stress amplitude σb are global loading conditions that can be
controlled and measured during the test.
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• Recently, the debate about the role of slip in fretting fatigue, as independent damaging factor,
is under discussion.
• The present apparatus allows for decoupling the effect of slip, since by running test series at
different radial pressure pr, the slip amplitude is differentiated.
• Local parameters τeq and sa are suggested to capture the fretting fatigue, then a stress–slip
map is proposed.
• The position of the fatigue limit on the stress–slip map will help in understanding the role of
slip in fretting.
Bibliography
[1] C. Santus, L. Bertini, and M. Beghini. Fretting fatigue apparatus for shrink–ﬁtted shaft assembly.
Applied Mechanics and Materials, 7–8:43–48, 2007.
[2] L. Bertini, M. Beghini, C. Santus, and A. Baryshnikov. Fatigue on drill string conical threaded
connections, test results and simulations. In Elsevier, editor, Proceedings of 9th International
Fatigue Congress, Atlanta, GA (USA), 2006.
[3] C. Santus. Fretting fatigue of aluminum alloy in contact with steel in oil drill pipe connec-
tions, modeling to interpret test results. International Journal of Fatigue, In Press, DOI:
10.1016/j.ijfatigue.2007.05.006, 2007.
[4] D.A. Hills and D. Nowell. Mechanics of Fretting Fatigue. Kluwer accademic publishers, 1994.
[5] D. Nowell, D. Dini, and D.A. Hills. Recent developments in the understanding of fretting
fatigue. Engineering Fracture Mechanics, 73:207–222, 2006.
[6] A. Namjoshi, S. Mall, V. K. Jain, and O. Jin. Fretting fatigue crack initiation mechanism in
Ti–6Al–4V. Fatigue & Fracture of Engineering Materials and Structures, 25:955–964, 2002.
[7] R.E.D. Bishop and D.C. Johnson. The Mechanics of Vibration. Cambridge University Press,
1979.
[8] S.P. Timoshenko and J.N. Goodier. Theory of elasticity. McGraw–Hill, third edition, 1970.
[9] J.A. Arau´jo, L. Susmel, D. Taylor, J.C.T. Ferro, and E.N. Mamiy. On the use of the Theory of
Critical Distances and the Modiﬁed Who¨ler Curve Method to estimate fretting fatigue strength
of cylindrical contacts. International Journal of Fatigue, 29:95–107, 2007.
108 Fretting fatigue apparatus for shrink–ﬁtted shaft assembly
Chapter 8
Conclusions
Main results about the experimental and analytical investigation on Aluminum Drill Pipe to Steel
Tool Joint (ADP–STJ) connection static torsional strength are:
• Break out torque, i.e. the connection torsional strength, and torque during connection make
up are the unity coefﬁcient of friction torque times the static coefﬁcient of friction or the
kinetic coefﬁcient of friction, respectively.
• Connection interferences are linearly related to the unity coefﬁcient of friction torque. A
three coefﬁcients linear equation was proposed to relate the unity coefﬁcient of friction torque
to the connection interferences.
• The linear equation coefﬁcients were easily found through a 2D axialsymmetric FE analysis.
It was also easy to prove that contact and local plasticity nonlinearities essentially did not
affect the global linearity between interferences and the unity coefﬁcient of friction torque.
• ‘Hot’ assembling technique is usually performed to connect the Aluminum Drill Pipe to the
Steel Tool Joint.
• Hot assembling does not properly exploit the axial pressure contribution to the torsional
strength, because it is not possible to impose an axial interference through this assembling
technique.
• Analytic equation (deduced from linearity assumption and FE analysis) and hot assembled
break out tests allowed to ﬁnd the static coefﬁcient of friction between aluminum and steel
surfaces (dry contact). The static coefﬁcient of friction found is 0.3.
• ‘Cold’ assembling is an alternative technique here proposed and experimentally investigated.
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• During cold assembling the use of a special compound between contact surfaces is strategic.
Indeed, cold assembling draws advantage from the reduced kinetic coefﬁcient of friction,
which is promoted by the compound while it is liquid. After connection make up, the
compound naturally cures in short time, and then the static coefﬁcient of friction arises
producing high connection torsional strength.
• The compound lowers the kinetic coefﬁcient of friction around to 0.15 as it is liquid. After
curing, the static coefﬁcient of friction is roughly 0.3 (same as dry contact).
• Exploiting this compound behavior, the break out torque is approximately double than the
make up torque. So it is possible to make up the connection without any risk of large plastic
deformation regions, obtaining high torsional strength.
• The hot assembled tested connections showed torsional strength of 64 kN m, lower than the
body pipe yield limit which is 84 kN m. The cold assembled tested connections usually had
torsional strength higher than 90 kN m (more than the body pipe yield limit).
• Despite higher torsional strength, the proper set–up of the compound is an issue about the
cold assembling technique, then an accurate procedure is to be prescribed to get best cold
assembling performance.
• The cold assembling technique does not require any heater device, if compared to the hot
assembling technique, but a torque apparatus is needed.
Main results about the experimental and analytical investigation on ADP–STJ connection fatigue
bending strength are:
• A dedicated test rig was designed and manufactured to test connections by rotating fatigue
bending load.
• The basic idea of working near to the specimen resonance frequency leads to a remarkable
reduction of the structural strength demanded from the overall frame, and to the possibility
of very quick tests too (working frequency around 30 Hz).
• Since threaded connection is very difﬁcult to be inspected (not destructively, to continue the
test), as symptom of the presence of the fatigue crack, the dynamic behavior modiﬁcation
was considered. However, for the present connection the number of cycles from a detectable
crack to the ﬁnal failure was quite little.
• The working frequency was used to control the bending stress at the specimen critical sections.
The near to resonance condition gave high bending stress variation imposing little working
frequency change, then the control of the test was quite efﬁcient.
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• Three couples of strain gauges were applied along the (pipe shaped) specimen, so the bending
distribution was monitored during the test, and then a closed loop control was possible.
• The present ADP–STJ connection design shows a thread free surface, that shields the last
engaged thread root from cyclic bending stress, but that produces Fretting Fatigue at the
contact edge.
• Fretting fatigue generates both high gradient and multiaxial cyclic stress distribution in the
contact edge region, where the fatigue crack nucleates.
• The recent Theory of Critical Distances was applied, along with a multiaxial fatigue model,
to interpret the full scale test results.
• Besides cyclic stress, the slip at the contact was also considered as a further damaging
factor, then a stress–slip map was proposed to better characterize the fretting fatigue loading
condition.
• Each specimen had two critical sections where the fretting conditions were slightly different,
the map was able to identify the worse in agreement with the experimental evidence.
• The use of the present map is an effective tool to evaluate any design modiﬁcation proposal
to improve the connection fatigue strength.
Further research on the present ADP–STJ connection was also suggested here.
A test rig for static axial load, static torque, and combination of the two loads, was designed and
manufactured at Pisa university mechanical department. Moreover, a testing apparatus to test small
scale specimens (which reproduces the ADP–STJ connection fretting fatigue conﬁguration) was
also designed.
